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1. INTRODUCTION 

The v a r i a t i o n s  of t h e  upper atmosphere are due t o  a wide v a r i e t y  of 

sources  and cover a broad range of f r equenc ie s  and s i z e  scales. 

pe r iod ,  smallest scale v a r i a t i o n s  are due t o  turbulence.  C e r t a i n  v a r i a t i o n s  

of only s l i g h t l y  longe r  pe r iod  and l a r g e r  scale are thought t o  b e  due t o  t h e  

a c t i o n  of g r a v i t y  waves. For a review of t h e  evidence f o r  g r a v i t y  waves and 

t h e  p o s s i b l e  mechanisms f o r  gene ra t ion  and d i s s i p a t i o n  of g r a v i t y  waves see 

t h e  previous r e p o r t  by J u s t u s  and Woodrum''). 

r e s o l u t i o n  of g r a v i t y  waves i n  t h e  upper atmosphere (i.e. simultaneous obser- 

v a t i o n  of amplitudes,  phases,  and frequency s u f f i c i e n t  t o  v e r i f y  propagat ion 

according t o  t h e  t h e o r e t i c a l  d i s p e r s i o n  equat ion) .  However, t h e r e  is  s t r o n g  

The s h o r t e s t  

There has  been no unambiguous 

c i r c u m s t a n t i a l  evidence f o r  t h e i r  occurrence and t h e  s h o r t  pe r iod  (i.e. < 24 

h r )  i r r e g u l a r  v a r i a t i o n s  d i scussed  i n  t h i s  r e p o r t  may b e  assumed t o  r e s u l t  

from g r a v i t y  waves. 

Atmospheric t i d e s  cause v a r i a t i o n s  wi th  pe r iods  of 24 hours and har- 

monics (e.g. 12  and 8 hour s ) .  The s t r o n g e s t  t i d a l  i n f luence  comes from 

s o l a r  h e a t i n g ,  b u t  l u n a r  t ides a l s o  e x i s t  similar co L'nose pruducrd i i i  Like 

ocean. 

book by Lindzen and Chapman 

For a review of theory and observat ions of atmospheric t i d e s  see t h e  

(2) 

Longer p e r i o d  phenomena are t h e  r e s u l t  of synop t i c  v q r i a t i o n s  and plane- 

t a r y  scale waves. 

30 l ~ n ' ~ ) ,  t h e i r  propagat ion t o  higher  a l t i t u d e s  has  been somewhat u n c e r t a i n  

p r i o r  t o  t h i s  r e p o r t .  

Although p l a n e t a r y  waves have been resolved up t o  about 

S t i l l  longer  per iod phenomena a r e  t h e  seasona l ,  s e m i -  

annual ,  annual ,  and quasi-biennial  o s c i l l a t i o n s .  



(1) This r e p o r t  is  a con t inua t ion  and r e v i s i o n  of r e s u l t s  r epor t ed  earlier 

Two a n a l y s i s  techniques  are used t o  s tudy  g r a v i t y  wave, p l a n e t a r y  wave, and 

long per iod v a r i a t i o n s .  

n ique  was developed (4s 5, f o r  a p p l i c a t i o n  t o  upper atmosphere d a t a  where 

s p e c i f i c  removal of long per iod  and t i d a l  v a r i a t i o n s  would be d i f f i c u l t  be- 

cause of l a c k  of d a t a .  This approach allows f o r  t h e  e s t ima t ion  of  m a g n i -  

tudes ,  p r o b a b i l i t y  d i s t r i b u t i o n s ,  and v e r t i c a l  s t r u c t u r e  func t ions  of  t h e  

i r r e g u l a r  v a r i a t i o n s  of less than one pay per iod .  It a l s o  can b e  used t o  

determine t h e  magnitude of t h e  variations due t o  p l ane ta ry  waves of pe r iods  

up t o  a f e w  days. The second d a t a  a n a l y s i s  technique i s  harmonic a n a l y s i s  

of t i m e  s e r i e s  d a t a .  

t o  e s t ima te  t i d e s ,  and long per iod  v a r i a t i o n s  such as annual  and quasi-  

b i e n n i a l  o s c i l l a t i o n s .  

. 

The f i r s t  method, known a s - t h e  d a i l y  d i f f e r e n c e  tech-  

This approach can be used, when s u f f i c i e n t  d a t a  ex is t s ,  

The purpose of t h i s  r e p o r t  is  t w o  fo ld :  f i r s t  t o  p r e s e n t  t h e  r e s u l t s  of  

an i n v e s t i g a t i o n  of t h e  e f f e c t s  of g r a v i t y  waves, t i d e s ,  and p l a n e t a r y  waves 

i n  producing upper atmospheric v a r i a t i o n s ,  and second t o  summarize t h e  re- 

s u l t s  i n  such a fash ion  t h a t  they can be  used i n  engineer ing  des ign  problems, 

i n  p a r t i c u l a r  t h e  e f f e c t s  of t h e  atmospheric  v a r i a t i o n s  on t h e  s t a b i l i t y ,  

c o n t r o l ,  and dynamic h e a t i n g  of t h e  space  s h u t t l e  veh ic l e .  

2 
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I 2 .  DATA ANALYSIS AND INTERPRETATION 
I 

St-ructure Funct ions.  An alternate form of t h e  c o r r e l a t i o n  func t ion  known 

as t h e  s t r u c t u r e  func t ion  w a s  f i r s t  used ex tens ive ly  by Russian me teo ro log i s t s  

i n  t h e  a n a l y s i s  of tu rbulence .  

1 

The s t r u c t u r e  func t ion  of a s t a t i s t i c a l l y  s ta t -  

ionary  t i m e  vary ing  process  f ( t )  i s  given by 

I 

I 

I where t h e  s t r u c t u r e  func t ion  D depends only  on t h e  t i m e  displacement T because 

of t h e  s ta t i s t ica l  s t a t i o n a r i t y .  The ang le  b racke t s  i n  (1) denote  averaging.  

Con- S t r u c t u r e  func t ion  a n a l y s i s  can be  appl ied  t o  wave phenomena a l s o .  

s i d e r  t h e  p rocess  f ( t )  t o  be a wave of frequency w and ampli tude A, i .e. f ( t )  = 

A s i n  ( u t  + a), where a i s  a phase angle .  

t o  be i n t e g r a t i o n  over  any whole number of per iods ,  where t h e  per iod  T = 27r/w, 

2 2 then  t h e  mean squa re  va lue  of f ( t )  is <f > = A / 2 .  It i s  a l s o  easy t o  d e t e r -  

mine t h a t  t h e  s t r u c t u r e  func t ion  i n  t h i s  case  is given by D ( T )  = A 

Thus t h e  s t r u c t u r e  func t ion  of a s i n g l e  component wave f i e l d  has  t h e  p r o p e r t i e s  

of be ing  p r o p o r t i o n a l  t o  T~ f o r  very s m a l l  t i m e  displacement  T s i n c e  t h e  lead-  

i n g  term i n  1 - cos  UT i s  w T /2, and be ing  p e r i o d i c  wi th  t h e  same frequency w 

as t h e  wave. 

so  t h e  f i r s t  maximum occurs  a t  t h e  h a l f  per iod va lue .  

is  2A . 

, I f  the averaging process  is  t aken  

2 I 

, (1 - cos UT). 

2 2  

Not ice  t h a t  t h e  f i r s t  maximum i n  D ( T )  would occur  a t  T = n/w = T / 2 ,  

The va lue  of t h e  maximum 

2 

The s t r u c t u r e  func t ion  a n a l y s i s  of waves can e a s i l y  be extended t o  a set 

of waves which are p a r t  of a harmonic s e r i e s .  

w i th  pe r iod  T and to be made up of N d i f f e r e n t  waves each wave n having a f r e -  

Consider f ( t )  t o  be p e r i o d i c  
1 

, 

b 
1 

3 



quency w = 2nlr/T, i .e. n 

f ( t )  = C An s i n  (writ + an) (2) 

where the summation i s  from n = 1 t o  n = N .  Using t h e  same type  of averaging 

by i n t e g r a t i n g  as on t h e  s i n g l e  wave, one can determine t h a t  t h e  mean square 

va lue  of f i s  given by 

2 2 <f > = C An /Z  ( 3 )  

and t h a t  t h e  s t r u c t u r e  func t ion  i s  given by 

( 4 )  
2 D ( T )  = C A (1 - COS w T) n n 

2 Thus again t h e  behavior a t  s m a l l  t i m e  displacement i s  p r o p o r t i o n a l  t o  T , s i n c e  

t h e  l ead ing  t e r m  i n  ( 4 )  is C A * w 2 ~ 2 / 2 .  

i s  again p e r i o d i c  wi th  pe r iod  T and has  components w i th  amplitudes r e l a t e d  t o  

t h e  square of t h e  amplitudes of t h e  corresponding f r equenc ie s  i n  t h e  p rocess  

The s t r u c t u r e  func t ion  i n  t h i s  case n n  

f ( t >  

I f  t h e  process  f ( t )  i s  made up of s u f f i c i e n t  components t h a t  i t  must be 

considered as having a continuous spectrum of amplitudes A(w) ( a s  is  t h e  case 

wi th  turbulence and may also be t h e  c a s e  when g r a v i t y  wave modes have s i g n i -  

f i c a n t  non l inea r  modal i n t e r a c t i o n )  t h e n  f(t) can be r ep resen ted  by 

m 

f ( t )  = I A(w) eiwt dw (5) 
-m 

(For a more r igo rous  d i scuss ion  of s p e c t r a l  r e p r e s e n t a t i o n  see Lumley and 

Panofsky(6) and L i n ( 7 ) .  The mean s q u a r e  v a l u e  of f ( t )  i s  given by 

4 



where $(w) is  t h e  s p e c t r a l  d e n s i t y  of the mean squa re  v a r i a t i o n s  of f ( t ) .  The 

s t r u c t u r e  f u n c t i o n  i s  given by 

Again the i n i t i a l  v a r i a t i o n  of D(T)  for small t i m e  displacements  is  p r o p o r t i o n a l  

t o  T s i n c e  2 

T - t O  
2 D ( T )  = [ r w2 $(u) dwl T 

I 0’ 

However, a t  l a r g e  t i m e  displacements  D(T)  i s  no t  p e r i o d i c  b u t  approaches a con- 

s t a n t  v a l u e  of 2<f  >. This  is  seen r e a d i l y  from t h e  f a c t  t h a t  D(T)  i s  r e l a t e d  2 

t o  t h e  c o r r e l a t i o n  f u n c t i o n  p ( r )  by 

f o r  a l l  s t a t i o n a r y  p rocesses  f ( t ) .  

T, then 

Hence, because p ( ~ )  approaches 0 f o r  l a r g e  

I n  a d d i t i o n ,  i f  t h e r e  i s  an apprec i ab le  range of f r equenc ie s  ove r  which $(a) 

varies as a power l a w  

$(w)  = c 

t hen  t h e r e  i s  a range of t i m e  displacements over which 

5 



01 

(12) 
a - 1  D ( T )  = C[ I x - ~  (1 cos x) dx] T 

0 

where x = UT and t h e  i n t e g r a l  i n  b r a c k e t s  i s  some d e f i n i t e  cons t an t  value.  

Thus observed power l a w  behavior  of t h e  s t r u c t u r e  func t ion  ( i . e .  a - 1 )  can 

b e  r e l a t e d  t o  t h e  power l a w  of t h e  s p e c t r a l  d e n s i t y  ( i . e .  -a) .  

p ( ~ )  dT can be ob- r A s  an example of how t h e  i n t e g r a l  t i m e  s c a l e  T = 
0 

t a i n e d  from t h e  time s t r u c t u r e  func t ion ,  cons ide r  t h e  case  i n  which t h e  

c o r r e l a t i o n  P ( T )  of t h e  process  f ( t )  i s  given by exp (- T / T ) .  For t h i s  par- 

t i c u l a r  case t h e  small t i m e  behavior  of t h e  s t r u c t u r e  func t ion  is  D(T) = 

2<f > TIT. I f  t h i s  e a r l y  time period s l o p e  i s  e x t r a p o l a t e d  t o  i n t e r s e c t  

2 w i t h  a s i m i l a r  e x t r a p o l a t i o n  of t h e  long t i m e  v a r i a t i o n ,  D(T) = 2<f >, t h e  

2 

graph ica l  i n t e r s e c t i o n  p o i n t  occurs  a t  a va lue  T = T. S imi l a r  g r a p h i c a l  

techniques can be devised t o  determine i n t e g r a l  s c a l e s  i f  d i f f e r e n t  co r re -  

l a t i o n  func t ions ,  w i th  d i f f e r e n t  e a r l y  t i m e  behavior ,  apply.  Also similar 

techniques can be used wi th  s p a t i a l  s t r u c t u r e  f u n c t i o n s  t o  estimate s i z e  

scales (see s e c t i o n  8) .  

Daily Di f f e rence  Analysis .  The d a i l y  d i f f e r e n c e  a n a l y s i s  technique w a s  

developed ( 4 9 5 )  f o r  a p p l i c a t i o n s  where l i m i t e d  d a t a  d i d  n o t  a l low e x p l i c i t  

s e p a r a t i o n  of t he  t i d a l  components i n  o r d e r  t o  determine t h e  small s c a l e  

i r r e g u l a r  v a r i a t i o n s .  

cons ide r  a v e r t i c a l  p r o f i l e  of a parameter F (z ,  t )  ove r  h e i g h t  z a t  time t 

A s  an example of t h e  a p p l i c a t i o n  of t h i s  technique 

where F may b e  a wind component, p r e s s u r e ,  d e n s i t y ,  o r  temperature .  We con- 

s i d e r  t h a t  F i s  made up of a p r e v a i l i n g  va lue  F ( z )  which is  t i m e  i n v a r i a n t ,  

p l u s  a long per iod (e.g. s easona l ,  annual ,  o r  quas i -b i enn ia l  o s c i l l a t i o n )  

0 

component S(z, t ) ,  a p l a n e t a r y  s c a l e  o r  s y n o p t i c a l l y  va ry ing  component 

P(z; t), a t i d a l  component T(z,  t ) ,  a g r a v i t y  wave o r  s h o r t  per iod i r r e g u l a r  

6 



component G(z, t) ,  and a s t i l l  sma l l e r  s c a l e  component made up of measurement 

e r r o r  and tu rbu lence  E ( z ,  t ) .  Thus 

F(z,  t) = Fo(z) + S(z, t) + P ( z ,  t) + T(z ,  t)  

+ G(z, t) + E(z, t)  (13) 

The component P ( z ,  t) would b e  composed of t r a v e l i n g  waves only,  a l l  t r u l y  

s t a n d i n g  waves would b e  included i n  t h e  component Fo(z) o r  s e a s o n a l l y  f l u c t -  

u a t i n g  s t and ing  waves would b e  included i n  S(z, t) .  W e  now choose two pro- 

f i l e s  of F a t  t i m e s  tl and t2 such t h a t  t2 - tl = A t  = 24n hours where n is  

an i n t e g e r .  I f ,  a t  any s e l e c t e d  a l t i t u d e  z, w e  d i f f e r e n c e  t h e  corresponding 

v a l u e  of F then  

W e  now make t h e  fo l lowing  assumptions: (1) Assume t h a t  n i s  s u f f i c i e n t l y  small 

t h a t  S(z, t?) -- S(z, t ) (i.e. n is  a small  number of days compared t o  t i m e s  

ove r  which a p p r e c i a b l e  seasona l  v a r i a t i o n  would occur) .  

r e s t r i c t e d  n t o  15 o r  less days. 

is d i u r n a l l y  r e p e a t i n g  and A t  is  a m u l t i p l e  of 24 hours  t h a t  T(z,  t2) = 

T(z, tl). 

would b e  inc luded  i n  t h e  component P and t h e  seasona l  v a r i a t i o n  of t h e  t i d e s  

would b e  inc luded  i n  t h e  component S ) .  (3)  The p l a n e t a r y  scale, g r a v i t y  

wave and e r r o r  components are uncor re l a t ed  with each o t h e r  and are corre-  

1 

I n  t h e  a n a l y s i s  we  

(2) Assume t h a t  because t h e  t i d a l  component 

(Any systemmatic o r  synop t i c  v a r i a t i o n  i n  t h e  t i d a l  parameters 

7 



l a t e d  only wi th  themselves ( a u t o c o r r e l a t i o n ) .  Equation (13) can now be  

squared and averaged over  an ensemble of d i f f e r e n t  p r o f i l e  p a i r s  a l l  hav- 

i n g  t h e  same t i m e  s e p a r a t i o n  A t .  The r e s u l t  is  

The c ross  product terms i n  (15) have dropped out  because of assumption 3 

above. I f  equa t ion  (15) i s  now expanded and t h e  mean square  va lues  of  P,  

G, and E are assumed t o  be  independent of t i m e  ( i . e .  s t a t i s t i c a l l y  s t a t i o n -  

a ry )  then t h e  mean square  d a t a  d i f f e r e n c e s  become 

<[AFn(z)]*> = 2<P 2 ( z )>  [l - p p ( A t ) ]  

(16) 2 + 2<G2(z)> [l - pG(At)]  + 2<E (z )>  [l - p E ( A t ) ]  

and p are t h e  t i m e  a u t o c o r r e l a t i o n  functions of P ,  G, and E 

The fol lowing assumptions are now made about t h e  pe r iods  of 

P’ ’G’ E where p 

r e s p e c t i v e l y .  

t h e  var ious  remaining components: (1) t h e  g r a v i t y  wave, e r r o r  and turbu-  

l ence  components are  uncor re l a t ed  f o r  a l l  t i m e  d i f f e r e n c e s  of 1 day o r  

more ( i . e .  n - > l), (2) t h e  p l ane ta ry  wave component is  of such a long  p e r -  

i od  t h a t  p (At) = 1 f o r  A t  = 1 day, bu t  f o r  l a r g e  n t h e  p l a n e t a r y  wave 

component a l s o  becomes uncor re l a t ed .  Thus f o r  s i n g l e  day d i f f e r e n c e s ,  

equat ion  (16) becomes 

P 

8 



t h a t  is, t h e  mean square d i f f e r e n c e s  i n  t h e  observed d a t a  are equa l  t o  twice 

t h e  mean squa re  magnitude of t h e  g r a v i t y  wave component ( p l u s  any c o n t r i b u t -  

i on  from measurement e r r o r s  o r  small scale turbulence) .  For t i m e  s epa ra t -  

i o n s  of many days (n l a r g e ,  say approaching 15) and under t h e  above assum- 

p t i o n s  equa t ion  (16) becomes 

2 2 2 2 
<[AFn(z)] > = 2[<P ( z ) >  + <G ( z ) >  + <E ( z ) > ]  

t hus ,  a t  l o n g e r  time s e p a r a t i o n s  t h e  magnitude of t h e  p l a n e t a r y  wave c o n t r i -  

b u t i o n s  becomes added. A t  i n t e rmed ia t e  t i m e  s e p a r a t i o n s  p r o g r e s s i v e l y  

l a r g e r  p o r t i o n s  of t h e  p l a n e t a r y  wave c o n t r i b u t i o n  (through t h e  f a c t o r  

1 - pp(At)) become added. 

y i e l d s  

Equations (17) and (18) can be s u b t r a c t e d ,  which 

<[AFn(z)I2> - <[AF,(z)]’> = 2<P 2 ( z ) >  

This  a l lows  an estimate of t h e  c o n t r i b u t i o n  of p l a n e t a r y  waves d i r e c t l y  from 

t h e  observed d a i l y  d i f f e r e n c e s  of measured d a t a  and t h e  estimate i s  unbiased 

w i t h  r e s p e c t  t o  t h e  e r r o r  component <E > s i n c e  t h a t  component cance l s  i n  t h e  

s u b t r a c t i o n  p rocess .  Note, however, t h a t  t h i s  method, l i k e  any s i n g l e  s i t e  

method, does n o t  r e s o l v e  t h e  s t and ing  p l ane ta ry  wave components, only t h e  

t r a v e l i n g  components. 

2 

The assumptions o u t l i n e d  above regarding re la t ive pe r iods  of t h e  grav- 

i t y  wave and p l a n e t a r y  wave components (and the i m p l i c i t  assumption t h a t  

t h e  e r r o r s  are s u f f i c i e n t l y  small t h a t  meaningful r e s u l t s  can be obtained from 

t h e  a n a l y s i s )  are s u b j e c t  t o  v e r i f i c a t i o n .  The r e s u l t s  presented la ter  i n  

9 



t h i s  r e p o r t  do, indeed, confirm t h e s e  assumptions. 
I 

The v e r t i c a l  s t r u c t u r e  func t ion  of t h e  d a i l y  d i f f e r e n c e s  can a l s o  be 

r e l a t e d  to  t h e  v e r t i c a l  s t r u c t u r e  func t ion  of t h e  g r a v i t y  wave component. 

The ver t ica l  s t r u c t u r e  func t ion  of t h e  1 day d i f f e r e n c e s  i n  t h e  d a t a  

va lues  i s  given by 

Sub t rac t ion  of t h e  expression 

, and t h e  comparable expression f o r  AF ( z  + 5) y i e l d s ,  a f t e r  some rearrange-  
1 

men t 

Seve ra l  c ros s  product terms i n  (22) have dropped ou t  because of t h e  l a c k  of 

c o r r e l a t i o n  between G and E and t h e  l a c k  of t i m e  a u t o c o r r e l a t i o n  of  G and E 

over pe r iods  of 1 day. I f  t h e  G and E f i e l d s  are v e r t i c a l l y  homogeneous, 

t hen  (22) w i l l  depend on 5 only,  o the rwise  i t  w i l l  depend s e p a r a t e l y  on z 

and 5 .  Under t h e  previously employed assumption of s t a t i s t i ca l  s t a t i o n a r i t y ,  

10 



and under t h e  assumption t h a t  t h e  E va lues  are uncor re l a t ed  over t h e  h e i g h t  

s e p a r a t i o n  5, (22) becomes 

2 (5 )  = 2 < [ G ( z  + 5 )  - G(z)l2> + 4<E > 
D ~ ~ l  

2 = 2 D,(s) + 4<E > 

Thus t h e  ver t ical  s t r u c t u r e  func t ion  of t h e  s i n g l e  day d i f f e r e n c e s  i n  t h e  

d a t a  p r o f i l e s  i s  twice  t h e  vertical  s t r u c t u r e  f u n c t i o n  of t h e  g r a v i t y  wave 

component ( p l u s  a c o n t r i b u t i o n  from e r r o r  and small scale tu rbu lence ) .  

A similar a n a l y s i s  f o r  ver t ical  s t r u c t u r e  f u n c t i o n s  of d a i l y  d i f f e r e n c e s  

of d a t a  p r o f i l e s  f o r  A t  a l a r g e  number of days, (but  small compared t o  t h e  

p e r i o d s  i n  t h e  component S) shows t h a t  

The s t r u c t u r e  f u n c t i o n  of t h e  p l a n e t a r y  wave component can be obtained by 

d i f f e r e n c i n g  ( 2 4 )  and ( 2 3 ) .  

I n  a d d i t i o n  t o  ver t ical  s t r u c t u r e  func t ions ,  h o r i z o n t a l  s t r u c t u r e  f u n c t i o n s  

of t h e  g r a v i t y  wave components can a l s o  b e  c a l c u l a t e d  by d i f f e r e n c i n g  d a t a  from 

t h e  up and down t r a i l  t r a j e c t o r i e s  of rocke t s  o r  from c l o s e l y  spaced simul- 

taneous obse rva t ions .  It should be noted t h a t  t h e  assumption of independence 

of t h e  g r a v i t y  wave component p r o f i l e s  G would n o t  be v a l i d  i n  t h i s  case, and 

t h i s  t y p e  of d i f f e r e n c e  y i e l d s  a s t r u c t u r e  func t ion  which has  s i g n i f i c a n t  var- 



i a t i o n  w i t h  t h e  d i s t a n c e  between t h e  p l a c e s  of eva lua t ion  of t h e  two p r o f i l e s .  

However, s i n c e  the e f f e c t s  of  t i d e s  and o t h e r  phenomena are n o t  removed, t h e  

h o r i z o n t a l  s t r u c t u r e  func t ions  y i e l d  v a l i d  r e s u l t s  of  t r u l y  i r r e g u l a r  varia- 

t i o n s  only i f  t h e  d i s t a n c e  between p r o f i l e s  is  kept  s m a l l  compared t o  t h e  

h o r i z o n t a l  wave l eng ths  of t h e s e  t i d e s  and o t h e r  phenomena. It should a l s o  

be  noted t h a t  t h e  h o r i z o n t a l  s t r u c t u r e  func t ion  used f o r  v e l o c i t y  i s  a c t u a l l y  

t h e  s t r u c t u r e  func t ion  of t h e  h o r i z o n t a l  v e l o c i t y  magnitude 

where u i s  t h e  eastward v e l o c i t y  component, v i s  t h e  northward component, x - 
is  t h e  h o r i z o n t a l  v e c t o r  l o c a t i o n  of one v e l o c i t y  eva lua t ion ,  r i s  t h e  v e c t o r  - 
displacement  between t h e  l o c a t i o n s  of v e l o c i t y  eva lua t ion ,  and r i s  t h e  mag- 

n i t u d e  of t h e  v e c t o r  r .  The d e f i n i t i o n  (26) i s  dependent on t h e  magnitude r 

and n o t  t h e  d i r e c t i o n  of  t h e  displacement  and no s e p a r a t e  cons ide ra t ion  of  

.., 

l o n g i t u d i n a l  and t r a n s v e r s e  s t r u c t u r e  func t ions  are r equ i r ed .  (A l o n g i t u d i n a l  

s t r u c t u r e  func t ion  would be  of t h e  form < [ u ( x  + Ax) - u ( x ) ]  > and a t r a n s v e r s e  

s t r u c t u r e  func t ion  would be  of  t h e  form <[u(y + Ay) - u ( y ) l 2 > ) .  

2 

Harmonic Analysis .  

work (MRN) d a t a  were c o l l e c t e d  and a harmonic a n a l y s i s  was performed on t h e  

Data from t h r e e  s i tes  of Meteorological  Rocket N e t -  

d a t a  f o r - p e r i o d s  of  5 days t o  1000 days.  For a p a r t i c u l a r  s i te ,  only  d a t a  

obta ined  a t  t h e  same t i m e  of day were accepted  i n  o r d e r  that  t h e  s o l a r  rad-  

i a t i o n  e r r o r  would be  minimized, A func t ion  of t h e  fo l lowing  form was f i t t e d  

t o  t h e  d a t a  by a l e a s t  squares  process :  

F ( t )  = A. + A1 s i n  (27~t /P  + 4 )  

12 



where t i s  t h e  t i m e ,  A. i s  t h e  mean va lue  of t h e  parameter ,  A1 is t h e  ampli- 

t ude  f o r  t h e  o s c i l l a t i o n  of per iod P,  and I$ is  t h e  phase angle .  

P was v a r i e d  from 5 days t o  1000 days,  a p e r i o d i c i t y  spectrum w a s  c a l c u l a t e d .  

As t h e  p e r i o d  

Harmonic a n a l y s i s  w a s  performed a l s o  on f i v e  sets o f  MRN d a t a  f o r  t i d a l  

components. 

ob ta ined  from a h igh  d e n s i t y  of rocke t  launches over a b a s i c  pe r iod  of about 

48 hours.  

a pe r iod  of 5 t o  10 days b e f o r e  o r  a f t e r  t h e  b a s i c  48 hours.  

e r r o r  a n a l y s i s  i n d i c a t e s  t h a t  t h e  e r r o r  i n  t h e  harmonic a n a l y s i s  of t h e  t i d a l  

components can be reduced s i g n i f i c a n t l y  i f  input  d a t a  i n c l u d e s  t h e s e  s c a t t e r e d  

d a t a  i n  a d d i t i o n  t o  t h e  d a t a  of t h e  b a s i c  48 hours.  S o l a r  r a d i a t i o n  c o r r e c t -  

i o n s  w e r e  a p p l i e d  a l s o  t o  each d a t a  set. Then each d a t a  set w a s  smoothed by 

t h e  u s e  of a polynomial smoothing func t ion  over f i v e  k i lome te r  he igh t  i n t e r -  

vals. Then, a func t ion  of t h e  fol lowing form w a s  f i t t e d  t o  t h e  smoothed 

d a t a  by a leas t  squa res  process:  

In t h e  p a s t ,  t i d a l  a n a l y s i s  h a s  been performed u s u a l l y  on d a t a  

However, t h e r e  are f r equenc t ly  d a t a  from s i n g l e  rocke t  launches over  

A p re l imina ry  

A. + A12 s i n  (27~t/12 + I$12) + A24 s i n  (21~t /24  + I$24) 

A12 where t i m e  t is  measured i n  hours,  A i s  t h e  mean va lue  of t h e  parameter,  

and A24 are t h e  amplitudes of t h e  12 hour and 24 hour per iod t i d e s ,  @,, and 

(The a c t u a l  least  squares  '24 

f i t  w a s  done i n  terms of s i n e  and c o s i n e  terms equ iva len t  t o  (28) . )  

s u l t s  of t h e  harmonic a n a l y s i s  were sub t r ac t ed  from t h e  s o l a r  r a d i a t i o n  

c o r r e c t e d  d a t a  t o  f i n d  r e s i d u a l  va lues .  These r e s i d u a l  va lues  were eva lua ted  

a t  a l t i t u d e s  o f  one k i lome te r  increments from a he igh t  of 45 km t o  60 km. 

Thus, p r o f i l e s  of i r r e g u l a r  v a r i a t i o n s ,  o r  g r a v i t y  waves, were obtained.  

g r a v i t y  wave p r o f i l e s  were used t o  compute t i m e  s t r u c t u r e  func t ions .  

0 

are phase ang le s  f o r  t hose  t i d a l  components. 

The re- 

These 
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3 .  MAGNITUDES OF GJUVITY WAVE AND 
PLANETARY WAVE VARIATION 

Resolut ion of  t h e  p l a n e t a r y  wave component. C h a r a c t e r i s t i c s  o f  t h e  mag- 

n i t u d e ,  p r o b a b i l i t y  d i s t r i b u t i o n  and s t r u c t u r e  of i r r e g u l a r  winds a t  chemical 

release a l t i t u d e s  (e 90 - 130 km) were f i r s t  s t u d i e d  by Woodrum and 

J u s t u s  '''5). 

t h e  rms d a i l y  d i f f e r e n c e  winds were observed.  However, no v a r i a t i o n  w i t h  

number of days s e p a r a t i o n  between p r o f i l e  p a i r s  w a s  observed, and so ,  accord- 

i n g  t o  t h e  concepts  d i scussed  i n  t h e  prev ious  s e c t i o n ,  i t  w a s  cons idered  tGat 

p l ane ta ry  waves do no t  propagate  t o  t h e  90 - 130 km level  w i t h  s u f f i c i e n t  

ampli tude t o  be  d e t e c t a b l e .  

I n  t h i s  ear l ier  a n a l y s i s  s i g n i f i c a n t  v a r i a t i o n s  w i t h  h e i g h t  of  

I n  the  f i r s t  p a r t  of t h i s  study'') a l a r g e  number of d a t a  i n  t h e  25 - 

200 km he ight  range from v a r i o u s  sou rces  were c o l l e c t e d  f o r  a n a l y s i s  by t h e  

d a i l y  d i f f e r e n c e  method. 

grenade,  p i t o t  tube,  f a l l i n g  sphere ,  meteor winds,  and s a t e l l i t e  measurements 

as w e l l  as chemical release d a t a .  (For a complete l i s t  of d a t a  sou rces  and 

r e fe rences  see t h e  earlier report'') .) 

d a i l y  d i f f e r e n c e  a n a l y s i s  was performed by computing mean square  d a i l y  d i f f e r -  

ences  and averaging  over  a l l  days of s e p a r a t i o n  between 1 and 15. 

These d a t a  inc luded  Meteoro logica l  Rocket Network, 

For t h e  f i r s t  phase of t h i s  s tudy  t h e  

For t h e  p re sen t  phase of t h e  s tudy  d a i l y  d i f f e r e n c e s  were computed sep- 

a r a t e l y  f o r  each day of s e p a r a t i o n  i n  o r d e r  t o  de te rmine  i f  p l a n e t a r y  wave 

con t r ibu t ions  could be de t ec t ed .  The r e s u l t s  are shown i n  F igu re  1. This  

f i g u r e  shows t h e  mean squa re  d a i l y  d i f f e r e n c e s  i n  t h e  45 - 65 km reg ion ,  

p l o t t e d  versus  number of days s e p a r a t i o n  from 1 t o  15, as a t i m e  s t r u c t u r e  

func t ion ,  i . e .  20 yralues ve r sus  t i m e .  2 
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A t  t h e  earlier times (1 t o  72 hours )  i n  F igure  1 a c t u a l  t i m e  s t r u c t u r e  

func t ions  of t h e  r e s i d u a l  winds and thermodynamic v a r i a b l e s  from the t i d a l  

a n a l y s i s  are p l o t t e d .  The t i d a l  a n a l y s i s  is  d iscussed  more f u l l y  i n  Sec t ion  5. 

The t i m e  s t r u c t u r e  d a t a  from the residual winds of  t h e  t i d a l  a n a l y s i s  r ep re -  

s e n t  an average over  f i v e  sets of d a t a  made up of from 22 t o  35 p r o f i l e s  i n  

each set sp read  over  a t i m e  span of  10 t o  20 days w i t h  from 1 3  t o  24 p r o f i l e s  

occuring i n  a b a s i c  48 hours  f o r  each set. 

hours  (corresponding t o  a wave per iod  of 6 hours)  w a s  found i n  t h e  d e n s i t y ,  

temperature ,  and p r e s s u r e  (not  shown) s t r u c t u r e  func t ions .  This  i n d i c a t e s  a 

p r e f e r r e d  g r a v i t y  wave per iod  of 6 hours  du r ing  the t i m e  from which d a t a  were 

ava i l ab le .  No corresponding peak a t  3 hours  i n  t h e  s t r u c t u r e  func t ion  of t h e  

r e s i d u a l  winds w a s  found. The t i m e  s t r u c t u r e  func t ions  a t  one hour are def -  

i n i t e l y  smaller than  those  a t  subsequent hours  and can be  taken  as an i n d i -  

c a t i o n  of the upper l i m i t  E of t h e  c o n t r i b u t i o n  from e r r o r  and s m a l l  scale 

turbulence.  Th i s  r m s  upper l i m i t  E i s  r e l a t e d  t o  t h e  s t r u c t u r e  f u n c t i o n  a t  

one hour by E = (D(1)/2)1’2 ( c f .  equa t ion  17 ) .  

fo l lowing  estimate f o r  t h e  upper l i m i t s  of e r r o r  i n  t h e  45 - 65 km h e i g h t  

range: 1% f o r  p r e s s u r e  and d e n s i t y ,  0.8% f o r  tempera ture  (= 2 K ) ,  and 3.5 t o  

4.7 m / s  f o r  winds. 

puted by Avera and Miers(8) f o r  t h i s  he igh t  r eg ion .  

2.6 K f o r  temperature  and 6.5 m / s  f o r  winds. 

A d i s t i n c t  peak a t  a t i m e  of  3 

This  r e l a t i o n  r e s u l t s  i n  t h e  

0 

These estimates are on ly  s l i g h t l y  smaller than  t h o s e  com- 

The i r  estimates were 

0 

The d a i l y  d i f f e r e n c e  s t r u c t u r e  f u n c t i o n s  i n  F igu re  1 are reasonably  con- 

t inuous  with t h e  s t r u c t u r e  func t ions  of  the t i d a l  r e s i d u a l s  cons ide r ing  t h e  

sma l l e r  amount o f  d a t a  a v a i l a b l e  f o r  t i d a l  a n a l y s i s  and t h e  l a r g e  amount of  

d a t a  i n  the  d a i l y  d i f f e r e n c e s .  The d a i l y  d i f f e r e n c e s  i n  F igu re  1 are aver- 
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aged ove r  t h r e e  MRN sites (Ascension I s l a n d ,  Cape Kennedy, and F o r t  Greely) 

and over  a l t i t u d e s  from 45 t o  65 km w i t h  d a t a  from 1964 through 1969. 

d a i l y  d i f f e r e n c e  magnitudes d e f i n i t e l y  inc rease  w i t h  t i m e  s e p a r a t i o n  and i t  

appears t h a t  t h e  d a i l y  d i f f e r e n c e s  a t  one day s e p a r a t i o n  may b e  used as a 

repscnable  estimate of t h e  g r a v i t y  wave c o n t r i b u t i o n  because of t h e i r  gene ra l  

agreement wi th  t h e  l a r g e  v a l u e s  of t h e  t i d a l  r e s i d u a l  s t r u c t u r e  f u n c t i o n s  a t  

time scales l a r g e r  t han  5 hours  ( i . e .  pe r iods  > 1 0  hour s ) .  The d a i l y  d i f f e r -  

ence magnitudes a r e f a i r l y u n i f o r m  over t h e  7 - 15 days time s e p a r a t i o n s  and 

so an average over  t h i s  i n t e r v a l  can reasonably be taken as a measure of t h e  

combined g r a v i t y  wave and p l a n e t a r y  wave (up t o  30 day pe r iod )  c o n t r i b u t i o n s .  

P l a n e t a r y  wave magnitudes w e r e  extracted from t h e  7 - 15 day t i m e  separ-  

a t i o n  d a t a  f o r  each of t h e  t h r e e  MRN si tes mentioned above by t h e  method des- 

c r i b e d  by equa t ion  (19), except t h a t  i n s t e a d  of one d a i l y  d i f f e r e n c e  at l a r g e  

day number n,  an average of t h e  d a i l y  d i f f e r e n c e s  between 7 and 15 days w a s  

used. Primary c o n t r i b u t i o n s  t o  t h e  

p l a n e t a r y  wave magnitudes of Figure 2 would come from p l a n e t a r y  waves i n  t h e  

pe r iod  range 14 - 30 days. Data p o i n t s  r ep resen t  averages over 10 km a l t i t -  

ude s e c t i o n s  cen te red  about the poinc.  TLI~: e Z i t V Z i r !  g k z e t a r y  wzve wind  com- 

ponent magnitude is  l a r g e r t h a n  t h e  northward component magnitude except  a t  

t h e  h igh  l a t i t u d e  s i te .  S i g n i f i c a n t  l a t i t u d e  v a r i a t i o n  i n  t h e  25 t o  65 km 

a l t i t u d e  r e g i o n  was found. 

w i t h  i n c r e a s i n g  l a t i t u d e  w a s  observed f o r  t h e  p re s su re ,  d e n s i t y ,  temperature,  

and northward v e l o c i t y  component. The eastward component w a s  reasonably s i m -  

i l a r  a t  a l l  l a t i t u d e s .  Table 1 gives  t h e  names and geographical  l o c a t i o n s  of 

t h e  MRN si tes.  

The 

The r e s u l t s  are presented i n  F igu re  2 .  

A s teady i n c r e a s e  i n  p l a n e t a r y  wave magnitude 

Comparison of t h e s e  r e s u l t s  w i th  those  obtained by harmonic 
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Figure  2 .  
wave component. The s o l i d  d o t s  are Ascension I s l a n d  d a t a ,  t h e  squa res  
are Cape Kennedy, and t h e  t r i a n g l e s  are F o r t  Greely d a t a .  

Height and l a t i t u d e  v a r i a t i o n  of t h e  t r a v e l i n g  p l a n e t a r y  scale 



TABLE 1. MRN SITE LOCATIONS 

S i t e  N a m e  

Ascension I s l a n d ,  A.F.B. 

F o r t  Sherman, C a n a l  Zone 

Barking Sands, H a w a i i  

Cape Kennedy, F l o r i d a  

White Sands, New Mexico 

Po in t  Mugu, C a l i f o r n i a  

F o r t  C h u r c h i l l ,  Canada 

F o r t  Greely,  Alaska 

L a t i t u d e  

7O 59' s 

9' 20' N 

22' 02' N 

28' 27 '  N 

32' 23' N 

34' 23' N 

58O 44' N 

6 4 O  00' N 

Longitude 

14O 25' W 

79O 59'  w 

159O 47'  W 

80° 32' W 

106' 29' W 

119' 07 '  W 

93O 49' w 

145' 44' W 
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a n a l y s i s  a r e  presented  i n  Sec t ion  6. 

Above 65 km t h e r e  were i n s u f f i c i e n t  d a t a  f o r  a n a l y s i s  of  s e p a r a t e  s i tes  

and so  a l l * d a t a  were combined f o r  averaging.  

i t  w a s  found t h a t  t h e  d a i l y  d i f f e r e n c e s  a t  7 - 15 days t i m e  s e p a r a t i o n  w e r e  n o t  

s i g n i f i c a n t l y  l a r g e r  than  one day d i f f e r e n c e s ,  which i n d i c a t e s  no measurable 

propagat ion of p l ane ta ry  waves t o  t h i s  a l t i t u d e  range. However, as d i scussed  

more f u l l y  i n  t h e  next  s e c t i o n ,  t h e r e  i s  evidence f o r  propagat ion of s e l e c t e d  

wavelengths of p l ane ta ry  waves i n t o  t h e  65 - 85 km region .  

I n  t h e  65 - 85 km region  and above 

Gravi ty  Wave S t a t i s t i c s .  In  t h e  prev ious  report") i t  w a s  shown t h a t  

p r o b a b i l i t y  d i s t r i b u t i o n s  of  t h e  g r a v i t y  wave f l u c t u a t i o n s  could be  determined 

from t h e  d i s t r i b u t i o n  of d a i l y  d i f f e r e n c e s .  I n  t h e  l i g h t  of  t h e  d iscovery  of 

s i g n i f i c a n t  p l ane ta ry  wave c o n t r i b u t i o n s  i n  t h e  25 - 65 km reg ion ,  on ly  d a i l y  

d i f f e r e n c e s  over  one day should be used t o  determine t h e  g r a v i t y  wave d i s t r i -  

b u t i o n s .  Details were given i n  t h e  e a r l i e r . r e p o r t  on t h e  methods of determin- 

i n g  t h e  d i s t r i b u t i o n s  and t h e  c o r r e c t i o n s  a p p l i e d .  F igure  3 shows an example 

of t h e  measured d i s t r i b u t i o n  of g r a v i t y  wave p e r t u r b a t i o n s  determined from d a i l y  

d i f f e r e n c e s  over  one day. Values expected from a Gaussian d i s t r i b u t i o n  are 

shown f o r  comparison. 

Some p r o p e r t i e s  of importance i n  t h e  s tudy  of t h e  p r o b a b i l i t y  d i s t r i b u t -  

i ons  of  a p rope r ty  x are t h e  mean x = <x> and h ighe r  moments. 

i s  g iven  by a2 = ~ ( x  - X ) 3  the skewness i s  a = <(x - X) >/a 

t h e  k u r t o s i s  i s  B = <(x - x)  > / a  . Table 2 shows t h e  mean v a l u e s  of  t h e  

g r a v i t y  wave s t a t i s t i c a l  parameters  i n  t h e  50 t o  80 km a l t i t u d e  reg ion  as 

determined from d i s t r i b u t i o n s  of  t h e  s i n g l e  day d a i l y  d i f f e r e n c e s .  

2 ,  as elsewhere u i s  t h e  eastward v e l o c i t y  component and v i s  t h e  northward 

component. 

t h e  expected Gaussian d i s t r i b u t i o n  v a l u e  of 3 ,  whereas i n  t h e  65 - 85 km 

The variance 

and 3 3  

- 4  4 

I n  Table  

I n  t h e  45 - 65 km range t h e  k u r t o s i s  v a l u e s  B are a l l  l a r g e r  t han  
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region a l l  of t h e  $ v a l u e s  except  f o r  t h e  temperature B are less than  3. These 

r ev i sed  va lues  of k u r t o s i s  are similar to, though s l i g h t l y  d i f f e r e n t  from, t h e  

previous results ' ' )  i n  t h i s  he igh t  range. There are no changes from t h e  h i g h e r  

a l t i t u d e  v a l u e s  p rev ious ly  r epor t ed .  

An a n a l y s i s  was performed t o  determine i f  t h e  h igh  B va lues  i n  t h e  45 - 
65 km reg ion  could be due t o  i n t e r m i t t e n t  g r a v i t y  wave d i s tu rbance .  

presume t h e  fo l lowing  s i t u a t i o n :  A c e r t a i n  f r a c t i o n  y of t h e  t o t a l  obse rva t ions  

c o n s i s t  only of Gaussian d i s t r i b u t e d  e r r o r  with s t anda rd  d e v i a t i o n  u . 
f r a c t i o n  y is known as t h e  in t e rmi t t ency .  The remaining f r a c t i o n  (1 - y) of 

t h e  measurements c o n s i s t  of Gaussian d i s t r i b u t e d  g r a v i t y  wave p e r t u r b a t i o n s  

w i t h  s t anda rd  d e v i a t i o n  u superimposed on the  background e r r o r .  Mosley 

h a s  shown t h a t  t h e  k u r t o s i s  of t h e  combined set of obse rva t ions  is  given by 

L e t  u s  

The e 

* 
(9) 

g 

2 2 where t h e  r a t i o  H is  u /(ue2 + u ). Equation (29) reduces t o  B = 3, t h e  

Gaussian va lue ,  i n  t h e  l i m i t i n g  cases  of no g r a v i t y  waves (a = 0 o r  y = 1) o r  

no e r r o r  (u = 0 o r  y = 0) .  

plane.  From t h e  e r r o r  estimates d i scussed  above and t h e  g r a v i t y  wave magnitude 

estimates it w a s  concluded t h a t  H = 0.2 f o r  p r e s s u r e  and d e n s i t y ,  H = 0.3 - 0.4 
f o r  winds and H = 0.5 f o r  temperature i n  the  45 - 65 km region.  From F igure  4 

it  i s  p o s s i b l e  t h a t  t h e  observed B va lues  f o r  p r e s s u r e  and d e n s i t y  (from Table 

2) could have been produced by an in t e rmi t t ency  f a c t o r  of 0.7 t o  0.9. 

t h e  remaining observed $ vLlues (i.e. f o r  temperature and winds) cannot b e  

exp la ined  by i n t e r m i t t e n c y .  

e g 

g 
Figure 4 shows i socon tour s  of f3 on t h e  H - y e 

However, 

* 
This  presumes s e v e r a l  superimposed wave modes i n t e r a c t i n g  more-or-less 
randomly. 

21  



I I I I 

Q 
W 

.. 

I I I I 
0 
0 

3 e 
z 
n 

Y 

0 
0 
P4 

0 
CJ 

0 
I 

0 

0 
I 

t 

0 
H 

a 

a 
I a J 3 l  
urn o a  
m a s  G a s  m (d 
aJm u 

m m  
a J u  

22 



TABLE 2. Average gravity wave s t a t i s t i c s  
i n  the 45 to  85 km region. N is  the num- 
ber of  independent values, a i s  the skew- 
ness  and B is  the kurtosis.  

45 - 65 km 65 - 85 km 

N a B N a B 

P 1203 +O.  28 6.56 126 +0.35 2.18 

P 1213 +O. 16 5.68 126 M.55 2.56 

T 717 -0.54 15.55 126 -0.23 4.48 

U 1934 -0.07 5.69 59 +0.07 2.42 

V 2033 -0.08 4.47 59 +o .02 2.29 
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Figure 4 .  Values of kurtosis 13 at various values of 
the ratio H and the intermittency y as determined 
from equation (29). 

24 



Gravi ty  Wave Magnitudes. The d a i l y  d i f f e r e n c e s  over one day s e p a r a t -  

i on  were used t o  compute r ev i sed  g r a v i t y  wave magnitud2s i n  t h e  45 - 85 km 

region and new va lues  i n  t h e  25 - 45 km region.  

waves w e r e  n o t  d e t e c t a b l e  i n  t h e  95 - 115 km region(5)  t h e  p rev ious  d a t a ,  

determined from averages over 1 - 15 day s e p a r a t i o n  d a i l y  d i f f e r e n c e s ,  w e r e  

r e t a i n e d  as t h e  b e s t  estimates of g r a v i t y  wave magnitudes above 85 km. 

Because p l a n e t a r y  scale 

F igure  5 shows t h e  he igh t  v a r i a t i o n  of t h e  measured average g r a v i t y  

wave magnitude. The d a t a  i n  F igu re  5 w e r e  obtained from 1964 - 1969 MRN 

d a t a  one day d i f f e r e n c e s  from a l l  e i g h t  s i t e s  l i s t e d  i n  Table 1 p l u s  a l l  

of t h e  o t h e r  f a l l i n g  sphe re ,  grenade, p i t o t  tube,  chemical release, and 

sa te l l i t e  d a t a  c o l l e c t e d .  

New Hampshire and Kazan, Russia  (12) are shown s e p a r a t e l y  i n  F igu re  5.  

These meteor wind r e s u l t s  are r e s i d u a l  winds a f t e r  e x p l i c i t  r e s o l u t i o n  of 

t h e  t i d a l  winds by t h e  method of Groves(13). 

were computed by t h e  method o u t l i n e d  i n  Appendix A. 

Meteor wind d a t a  from Garchy, France'"), Durham, 

The e r r o r  b a r s  i n  F igu re  5 

The meteor wind r e s u l t s  ag ree  q u a l i t a t i v e l y  al though n o t  i n  d e t a i l  

w i t h  t h e  average r e s u l t s  from t h e  o t h e r  da t a .  

t h a t  t h e  meteor r e s u l t s  from Garchy and Durham were each determined from 

one set of measurements over a few days whereas t h e  o t h e r  r e s u l t s  were 

ob ta ined  from s e v e r a l  p r o f i l e  p a i r s  from times spread over several yea r s .  

The two g r a v i t y  wave v e l o c i t y  components appear t o  be i s o t r o p i c  over 

However, i t  should be noted 

t h e  f u l l  a l t i t u d e  e x t e n t  of Figure 5 wi th  t h e  p o s s i b l e  except ion of a 

s l i g h t  predominance of t h e  eastward component n e a r  140 km. 

L i n e a r i z e d  g r a v i t y  wave theo ry  (14) w i t h  no d i s s i p a t i o n  o r  r e f l e c t i o n  

p r e d i c t s  t h a t  t h e  g r a v i t y  wave k i n e t i c  energy d e n s i t y  oo<u2 + v > remains 
2 

25 



20c 

E 
)1 

c, 
r 
b4 
.I 

g 15c 

loa 

50 

I I I I I 

u component 
MRN &other 
Durham 

A Garchy 

v component 
0 MRN & other 
0 Durham 

x Kazan 

.. 

I 

Average Short 
Period Irregular 

Winds 

I I I I I 

0 20 40 4 
0 

RMS Magnitude, m/s 
Figure 5. 
wave wind components. 
northward component is  v. 

Height v a r i a t i o n  of t h e  magnitude of  t h e  g r a v i t y  
The eastward component i s  u and t h e  

26 



I cons tan t  w i t h  he igh t .  However, Figure 6 shows t h a t  cons ide rab le  d i s s i p a t -  

l 

i o n  and/or  r e f l e c t i o n  t a k e s  p l ace ,  on t h e  average, t h r o u g h w t  most of t h e  

atmosphere. 
1 

One except ion is  t h e  55 t o  7 5  km he igh t  region,  which co r re s -  

ponds t o  t h e  dec reas ing  temperature g r a d i e n t  of t h e  atmosphere, a r eg ion  

; where g r a v i t y  wave r e f l e c t i o n  is n o t  expected. A t  90 km i n  F igu re  6 t h e  

s o l i d  d o t  r e p r e s e n t s  t h e  MRN and o t h e r  d a t a  and t h e  open circle r e p r e s e n t s  

an average va lue  inc lud ing  t h e  meteor wind da ta .  Between 75 and 135 km t h e  

I 

I 
average g r a v i t y  wave k i n e t i c  energy d e n s i t y  v a r i e s  w i th  he igh t  as 

where t h e  "scale he igh t "  va lue  z i s  7.8 km, i n  good agreement w i t h  t h e  

va lue  determined by Kochanski (15) i n  t h e  upper p o r t i o n  of t h i s  a l t i t u d e  

range. Ex t r apo la t ion  

of p o w 2  + v > t o  10 km i n d i c a t e s  t h a t  jet stream l e v e l  p e r t u r b a t i o n s  of 

about 3 m / s  would be r equ i r ed  t o  maintain t h e  same rate of d i s s i p a t i o n  o r  

r e f l e c t i v e  loss between 10 and 30 km as t h a t  observed between 30 and 50 km. 

0 

Between 25 and 55 km t h e  v a l u e  f o r  zo i s  9 . 4  km. 

2 

I f  t r o p o s p h e r i c  propagation from t h e  s u r f a c e  t o  10 km is  assumed t o  b e  a t  

cons t an t  energy, analogous t o  t h e  mesospheric propagat ion,  then s u r f a c e  

p e r t u r b a t i o n s  of about 1.8 m / s  could maintain t h e  d i s s i p a t i o n  o r  r e f l e c t -  

ive loss  of the e x t r a p o l a t e d  curve.  The change of s l o p e  above 135 km i s  

due t o  a change i n  t h e  d e n s i t y  v a r i a t i o n  at t h i s  a l t i t u d e  while  t h e  g r a v i t y  

wave wind magnitude remains approximately constant  w i th  he igh t .  

The h e i g h t  v a r i a t i o n  of t h e  i r r e g u l a r  p re s su re ,  d e n s i t y ,  and temper- 

a t u r e  is  shown i n  Figure 7. 

t o  t h e  mean atmospheric parameters.  

The d a t a  a r e  expressed as v a r i a t i o n  r e l a t i v e  

E r r o r  b a r s  i n  F igu re  7 were a l s o  com- 

pu ted  by t h e  method o u t l i n e d  i n  Appendix A. 
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Figure  6 .  Height v a r i a t i o n  of t h e  k i n e t i c  energy d e n s i t y  
of t h e  g r a v i t y  wave winds. 
he ight"  va lues  f o r  equat ion  (30). The s o l i d  d o t s  are t h e  
MRN and o t h e r  da t a .  The open c i r c l e  a t  90 km is  an aver- 
age va lue  inc luding  t h e  meteor wind d a t a .  

Zo va lues  are energy "scale 
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Figure 7 shows t h a t  t h e  re la t ive temperature  v a r i a t i o n  magnitude between 

40 and 70 km i s  s i g n i f i c a n t l y  smaller rhan f o r  t h e  re la t ive p r e s s u r e  o r  den- 

s i t y ,  which are about equal .  Between 80 and 100 km t h e  re la t ive  p r e s s u r e  and 

temperature  v a r i a t i o n  magnitudes become about equal  and smaller than  t h e  

re la t ive dens i ty  v a r i a t i o n s .  Above 100 km t h e  re la t ive  d e n s i t y  v a r i a t i o n s  

become smal le r  than  those  f o r  t h e  re la t ive  temperature .  

A t  f i r s t  one might t h i n k  t h a t  t h e  Boussinesq approximation should apply 

t o  t h e  pressure ,  d e n s i t y ,  and temperature  v a r i a t i o n s  and hence t h a t  t h e  re l -  

a t ive  p res su re  v a r i a t i o n s  should b e  much smaller than  t h e  re la t ive  d e n s i t y  

and temperature.  However, as shown by Dutton and F i c h t l ( 1 6 ) ,  f o r  motions of  

v e r t i c a l  s c a l e  n o t  smal l  compared t o  t h e  s c a l e  h e i g h t ,  t h e  magnitudes of  a l l  

t h r e e  parameters a r e  comparable. It w i l l  be shown l a t e r  t h a t  t h e  ve r t i ca l  

scales a r e  comparable wi th  t h e  scale  h e i g h t .  Therefore ,  t h e  r e l a t i v e  va lues  

of t h e  i r r e g u l a r  thermodynamic parameters  a r e  r e l a t e d  by 

p ' /p0 = p 1 / p 0  + T ' / T o  

and i n  the  mean square  they  would be  r e l a t e d  by 

where t h e  last  t e r m  i s  b a s i c a l l y  t h e  c o r r e l a t i o n  between t h e  d e n s i t y  and t e m -  

p e r a t u r e  v a r i a t i o n s ,  which i n  t h e  case of  a s i n g l e  component wave t r a i n  would 

be  dependent on t h e  r e l a t i v e  phase between t h e  d e n s i t y  and temperature  wave 

v a r i a t i o n .  

thermodynamic v a r i a b l e s  of F igure  7 t h e r e f o r e  i n d i c a t e  a changing phase 

r e l a t i o n s h i p  wi th  he igh t .  

The changes d iscussed  above i n  t h e  re la t ive  magnitudes o f  t h e  

c 

The changing phase r e l a t i o n s h i p  could be  due t o  
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?. 

non l inea r  intermodal i n t e r a c t i o n s  o r  t o  selective modal abso rp t ion  of a com- 

p l e x  g r a v i t y  wave f i e l d .  

changing r e l a t i v e  magnitudes wi th  t h e  assumption of a s i n g l e  mode g r a v i t y  

wave f i e l d .  

I n  e i t h e r  case it  would b e  d i f f i c u l t  t o  j b s t i f y  t h e  

A comparison of t h e  he igh t  v a r i a t i o n  of t h e  i r r e g u l a r  winds and i r r e g u l a r  

d e n s i t y ,  a l s o  shown i n  F igu re  7 g ives  good agreement wi th  a theory developed 

by M i l l e r ( 1 7 ) ,  which p r e d i c t s  relative d e n s i t y  v a r i a t i o n s  p r o p o r t i o n a l  t o  fms 

v e l o c i t y  v a r i a t i o n  by a f a c t o r  which v a r i e s  with h e i g h t .  

va lues  of p ' / p o  are r e l a t e d  t o  t h e  mean square i r r e g u l a r  winds by t h e  formula 

The t h e o r e t i c a l  

(33) 

This theory  is a p p l i c a b l e  i n  t h e  str ict  sense only t o  s i n g l e  mode g r a v i t y  

waves. 

of sound c, t h e  a c c e l e r a t i o n  of g r a v i t y  g, t he  temperature  T and its h e i g h t  

g r a d i e n t  dT /dz. 

a t  a v a l u e  of 1.4.  

t h a t  p r e d i c t e d  by t h e  t h e o r e t i c a l  formula is remarkably good, cons ide r ing  

t h e  u n c e r t a i n t i e s  introduced by t h e  use of s t anda rd  atmosphere va lues  and 

t h e  a p p l i c a t i o n  t o  what i s  appa ren t ly  a multi-mode g r a v i t y  wave f i e l d .  

However, i t  does appear  from t h e  r e s u l t s  shown i n  Figure 7 t h a t  t h e  theo- 

re t ica l  formula corresponds more n e a r l y  with t h e  magnitude of t h e  i r r e g u l a r  

temperature  T ' / T  This  discrepancy would have been 

improved cons ide rab ly ,  however, i f  t h e  d e n s i t y  va lue  a t  110 km had been 

somewhat l a r g e r  than t h e  va lue  a c t u a l l y  observed. 

The U.S.  Standard Atmosphere of 1962 w a s  used t o  e v a l u a t e  t h e  speed 

0 

The r a t i o  of s p e c i f i c  h e a t s  y w a s  assumed t o  be cons t an t  

The agreement between the observed p ' / p 0  v a r i a t i o n  and 

0 

than t h e  d e n s i t y  p ' / p o .  
0 

The t h r e e  s i tes ,  Ascension I s l a n d ,  Cape Kenned-, and F o r t  Greely had 
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s u f f i c i e n t  d a t a  f o r  d a i l y  d i f f e r e n c e s  over  one day s e p a r a t i o n  s o  t h a t  sep- 

arate eva lua t ions  could b e  made f o r  t h e s e  si tes.  

ude v a r i a t i o n  of t h e  r m s  g r a v i t y  wave magnitudes a t  t h e s e  l o c a t i o n s .  

i s  no apparent  system which d e s c r i b e s  t h e  v a r i a t i o n  w i t h  l a t i t u d e  a t  a l l  

a l t i t u d e s ,  a l though a t  many h e i g h t s  t h e  magnitudes of winds and tempera ture  

f l u c t u a t i o n s  are smaller f o r  t h e  F o r t  Greely s i t e .  The l a r g e  i n c r e a s e  i n  

wind magnitude between 50 and 60 km i s  compatible  wi th  t h e  cons t an t  k i n e t i c  

energy i n  t h i s  reg ion ,  as d i scussed  above. 

F igure  8 shows t h e  altYt- 

There 

The l a r g e  ampli tude of d a i l y  d i f f e r e n c e s  a t  t h e  White Sands s i t e  pre- 

v ious ly  reported'') w e r e  found t o  be  a s soc ia t ed  wi th  t h e  d a i l y  d i f f e r e n c e s  

over  l a r g e  day s e p a r a t i o n s  and n o t  w i th  t h e  s i n g l e  day d a i l y  d i f f e r e n c e s .  

Hence, t hese  l a r g e  ampli tudes of  wind v a r i a t i o n  are t o  be  a s s o c i a t e d  w i t h  

t h e  P lane tary  s c a l e  components r a t h e r  than  t h e  g r a v i t y  wave components. 
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4 .  SCALES OF GRAVITY WAVE VARIATION 

Vertical Sca le s .  The ver t ica l  s t r u c t u r e  func t ion  of  a parameter  F(z)  i s  

given by 

and, as shown i n  equa t ion  (23) ,  t h e  v e r t i c a l  s t r u c t u r e  func t ion  of t h e  g r a v i t y  

wave components can be  es t imated  from one h a l f  t h e  ver t ica l  s t r u c t u r e  f u n c t i o n  

of t h e  d a i l y  d i f f e r e n c e s  AF taken over  one day s e p a r a t i o n .  Also,  as shown by 

equa t ion  (25) t h e  ve r t i ca l  s t r u c t u r e  func t ion  of t h e  p l a n e t a r y  wave components 

can be eva lua ted  from t h e  d i f f e r e n c e  between t h e  ve r t i ca l  s t r u c t u r e  func t ions  

of l a r g e  day d a i l y  d i f f e r e n c e s  AFn and s i n g l e  day d a i l y  d i f f e r e n c e s  AF 

1 

1' 

Vertical scales of t h e  g r a v i t y  wave components can be  e s t ima ted  from t h e  

s i n g l e  day d a i l y  d i f f e r e n c e  ver t ica l  s t r u c t u r e  func t ions  by t h e  technique  

d i scussed  i n  Sec t ion  2. 

func t ions  of  g r a v i t y  wave winds and tempera ture  v a r i a t i o n s  i n  t h e  45  - 65 km 

h e i g h t  range. 

exponent ia l  c o r r e l a t i o n  func t ions  suggested i n  Sec t ion  8.  

F igure  9 shows measured average ve r t i ca l  s t r u c t u r e  

S o l i d  curves  are f i t  through t h e  d a t a  as determined from t h e  

Figure 9 a l s o  shows t h e  average ve r t i ca l  s t r u c t u r e  f u n c t i o n  of t h e  l a r g e  

day d a i l y  d i f f e r e n c e s .  The d i f f e r e n c e  i n  t h e  two curves  would be  t h e  s t r u c t -  

u r e  func t ion  of t h e  p l ane ta ry  scale waves a lone .  It appears  t h a t  t h e r e  i s  

some c o n t r i b u t i o n  t o  t h e  s t r u c t u r e  f u n c t i o n s  from p l a n e t a r y  scale  waves of 

ve r t i ca l  wavelengths i n  t h e  10 t o  30 km range,  somewhat l a r g e r  than  p l a n e t a r y  

scale ver t ical  wavelengths a t  lower a l t i t u d e s .  However, as t h e  s i z e  of t h e  

e r r o r  b a r s  i n d i c a t e ,  t h e  f i r m  conclus ions  which can be  made on t h e  ve r t i ca l  

s t r u c t u r e  of p l ane ta ry  waves are somewhat l i m i t e d .  The d i s c r e t e  v e r t i c a l  
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wavelength r epor t ed  ea r l i e r " )  which appeared i n  d a t a  from some, bu t  n o t  a l l ,  

sites seems t o  be  a s s o c i a t e d  wi th  t h e  l a r g e  day d a i l y  d i f f e r e n c e s ,  i . e .  plane-  

t a r y  scale waves, r a t h e r  than  t h e  g r a v i t y  wave components. 

I 
I 

I The amount of d a t a  i n  t h e  65-85 km he igh t  range f o r  v e r t i c a l  s t r u c t u r e  

a n a l y s i s  was somewhat l i m i t e d .  Never the less  some s t r u c t u r e  func t ion  r e s u l t s  

were obtained and t h e s e  are shown i n  Figure 10. The v e r t i c a l  s t r u c t u r e  fun- 

c t i o n s  of t h e  10-12. day d a i l y  d i f f e r e n c e s  ( i .e.  up t o  24 days per iod)  are 

d i s t i n c t l y  d i f f e r e n t  from t h e  one day d i f f e r e n c e s  and s e e m  t o  i n d i c a t e  a 

p r e f e r r e d  v e r t i c a l  wave l eng th  f o r  t h e  p l a n e t a r y  waves of  20 km ( s t r u c t u r e  

func t ion  maximum a t  1 0  km). However, t h e  f a c t  t h a t  t h e  mean squa re  d a i l y  

d i f f e r e n c e s  were n o t  s i g n i f i c a n t l y  l a r g e r  than  t h e  mean square  s i n g l e  day 

d i f f e r e n c e s ,  i s  taken t o  i n d i c a t e  a r a t h e r  s e l e c t i v e  o r  spo rad ic  propagat ion  

of t h e s e  p l ane ta ry  waves i n t o  t h e  65-85 km reg ion .  

V e r t i c a l  s t r u c t u r e  func t ions  above 85 km were no t  r ev i sed  and remain 

unchanged from the r e s u l t s  presented  ear l ie r  (1) . 

Horizonta l  Sca les :  There are no useab le  d a t a  a v a i l a b l e  from which t o  

~ determine h o r i z o n t a l  s t r u c t u r e  of  p r e s s u r e ,  d e n s i t y ,  o r  temperature .  The 

h o r i z o n t a l  s t r u c t u r e  func t ion  of t h e  winds i n  t h e  50 t o  65 km reg ion  w a s  

s l i g h t i y  revised and i s  shown i n  F igu re  11 (with a p l o t t i n g  e r r o r  of t h e  

o r i g i n a l  graph co r rec t ed ) .  

z o n t a l  s t r u c t u r e  func t ion  of winds i n  t h e  80-140 km h e i g h t  range .  

curves  f i t t e d  through t h e  d a t a  i n  F igure  11 were eva lua ted  from t h e  engineer-  

i ng  approximation func t ions  d iscussed  i n  S e c t i o n  8 ,  u s ing  a v a l u e s  determined 

from t h e  d a i l y  d i fLerence  a n a l y s i s .  

Also shown i n  F igure  11 is  a p l o t  o f  the hor i -  

The s o l i d  
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Figure 11. Horizontal structure function of winds in the 50 to 140 
height re ion. Curves through the data points are determined from 

and the correlations Rll and R22 given by equations ( 4 0 )  and 
in Section 8. 

D(r) = 20 s [l - p(r)lwith p(r) given by p(r) = [RlI(rl) + R22(r )1/2 

38 



5. TIDAL HARMONIC ANALYSIS 

T i d a l  harmonic ana lyses  have been performed p rev ious ly  by J u s t u s  and 

Woodrum") on n i n e  d i f f e r e n t  sets of X W  d a t a  as an i n t e r i m  s t e p  t o  ob ta in -  

i n g  p r o f i l e s  of i r r e g u l a r  winds, temperature,  p r e s s u r e  and d e n s i t y .  How- 

ever, t h e  ana lyses  were performed on t h e  raw d a t a  which were n o t  smoothed 

o r  c o r r e c t e d  f o r  s o l a r  r a d i a t i o n .  

included only a b a s i c  24-to-48 hours  i n t e r v a l  and d i d  n o t  take advantage 

of any a d d i t i o n a l  d a t a  a t  s c a t t e r e d  t i m e s  around t h i s  b a s i c  i n t e r v a l .  

Thus, much b e t t e r  harmonic a n a l y s i s  results could b e  ob ta ined  i f  t h e  above 

problems were co r rec t ed .  Then, b e t t e r  p r o f i l e s  of t h e  i r r e g u l a r  components 

would be obtained,  which, i n  t u r n ,  would give b e t t e r  estimates of g r a v i t y  wave 

Also, t h e  l e n g t h  of t h e  data r eco rds  

ampli tudes by means of t h e  t i m e  s t r u c t u r e  funct ion.  The r ev i sed  t i m e  struct- 

u r e  f u n c t i o n  d a t a  were shown i n  F igu re  1 f o r  comparison wi th  d a i l y  d i f f e r -  

ence a n a l y s i s  r e s u l t s .  

Smoothing and S o l a r  Radiat ion Correct ion.  F i r s t ,  t h e  temperature  d a t a  

were c o r r e c t e d  f o r  s o l a r  r a d i a t i o n  by a procedure given by Hoxit and 

Henry(18). 

s e n s o r s .  

c u l a r  t ypes  were e l imina ted  from t h e  ana lys i s .  It w a s  found t h a t  f i v e  

good d a t a  sets were l e f t :  one set frum Ascension I s l a n d ,  A.F.B. around 

A p r i l  12,  1966; t h r e e  sets from White Sands, N e w  Mexico, around February 

7 ,  1964, November 22, 1964 and July 1, 1965; and one set from F o r t  Church- 

ill, Canada, around September 8,  1966. After  t h e  temperature  d a t a  were 

c o r r e c t e d ,  t h e  p r e s s u r e  and d e n s i t y  d a t a  were r e c a l c u l a t e d  from t h e  hydro- 

s t a t i c  e q u i l i b r i u m  equa t ion  and t h e  equat ion o f  state. 

This  procedure w a s  v a l i d  only f o r  c e r t a i n  types of temperature  

Hence, a l l  d a t a  sets which used senso r s  o t h e r  t han  t h e s e  p a r t i -  
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Then, a l l  t h e  wind and thermodynamic d a t a  were smoothd by t h e  use  of a 

polynomial smoothing func t ion  over  a he igh t  i n t e r v a l  of  f i v e  k i lometers .  

Extended T i m e  i n t e r v a l .  Pre l iminary  e r r o r  a n a l y s i s  by Woodrum and 

i n d i c a t e d  t h a t  s i g n i f i c a n t  d i f f e r e n c e s  i n  eva lua ted  t i d a l  paramet- J u s t u s  

ers may r e s u l t  i f  a d a t a  record  of  longer  than  24 - 48 hours  is  used compared 

t o  r e s u l t s  computed from a 24 - 48 hours  d a t a  record .  F u r t h e r  i n v e s t i g a t i o n s  

have s u b s t a n t i a t e d  t h e s e  ea r l i e r  r e s u l t s .  

was made by t h e  fol lowing procedure: T h i r t y  sets of f i c t i t i o u s  d a t a  were 

c r e a t e d  by superimposing a random e r r o r  on smooth t i d a l  d a t a  which inc luded  

t h e  per iods  of  24 and 1 2  hours  as given by t h e  fol lowing equa t ion .  

(19) 

A pre l imina ry  a n a l y s i s  of  e r r o r s  

(34) 
2lTt 2lTt 
24 12 Y ( t >  = 10 s i n  (-) + 5 s i n  (- + e) + 12R 

where R i s  a random number between -1 and 1. The ampli tude of  t h e  random com- 

ponent i n  equat ion  (34) i s  r e p r e s e n t a t i v e  of t h e  f l u c t u a t i o n s  produced by 

g r a v i t y  waves and t r a v e l i n g  p l a n e t a r y  scale waves of a few days p e r i o d ,  as 

determined i n  Sec t ion  3. 

Harmonic ana lyses  on t h e  30 d a t a  sets were performed and s t anda rd  dev ia t -  

i ons  of  the  ampli tudes and phases  were found. 

d a t a  set was reduced and t h e  harmonic a n a l y s i s  was repea ted .  Th i s  process  

g ives  t h e  s t anda rd  d e v i a t i o n  as a func t ion  of t h e  t i m e  l e n g t h  of t h e  d a t a  sets 

as shown in  F igure  12 and 13. 

d i u r n a l  and semidiurna l  o s c i l l a t i o n s  where t h e  d a t a  sets f i r s t  had v a l u e s  a t  

every hour and then  had va lues  on ly  f o r  every  t h i r d  hour .  It i s  Seen from 

t h e  f igu res  t h a t  t h e  e r r o r s  seem t o  be  r a t h e r  small u n l e s s  t h e  t i m e  l e n g t h  

of t h e  d a t a  set i s  less than  about t h r e e  days.  

Then, t h e  t i m e  l e n g t h  of each 

These f i g u r e s  show r e s u l t s  o f  two ana lyses  f o r  

The b a s i c  t i m e  l e n g t h  of  t h e  
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observed MRN d a t a  sets used i n  t h i s  r e p o r t  are of t h e  o r d e r  of two days.  Thus, 

Figure 12 and 13 show t h a t  t h e  harmonic a n a l y s i s  of t h e s e  d a t a  should be rea- 

sonably a c c u r a t e  b u t  t h a t  t h e  t i m e  l e n g t h  of t h e  d a t a  is  s h o r t  enough t o  b e  

ques t ionab le .  However, t h e  d a t a  va lues  used i n  t h e s e  experimental  d a t a  are 

n o t  evenly spaced i n  t i m e  as is  t h e  case f o r  t h e  f i c t i c i o u s  d a t a .  I n  o r d e r  

t o  b e t t e r  approximate t h e  a c t u a l  d a t a ,  f i c t i c i o u s  d a t a  v a l u e s  were s e l e c t e d  

a t  times which c l o s e l y  corresponded t o  t h e  times of t h e  a c t u a l  d a t a .  

ana lyses  were performed on t h e s e  f i c t i c i o u s  d a t a  and s t anda rd  d e v i a t i o n s  were 

c a l c u l a t e d  as shown i n  Table 3. The smaller  number of d a t a  p o i n t s  f o r  each 

s i t e  corresponds t o  t h e  b a s i c  t i m e  i n t e r v a l  whereas t h e  l a r g e r  number of 

d a t a  p o i n t s  corresponds t o  t h e  extended data .  

Harmonic 

I n  comparing t h e  s t anda rd  d e v i a t i o n s  i n  Table 3 of t h e  b a s i c  and extended 

t i m e  i n t e r v a l s ,  one sees t h a t  t h e  s t anda rd  d e v i a t i o n s  may b e  reduced i n  some 

cases as much as 25% t o  30%. The magnitude of t h e s e  r educ t ions  are very s i g -  

n i f i c a n t .  

An example of t h e  comparison of an harmonic a n a l y s i s  of t h e  experimental  

d a t a  f o r  t h e  two t i m e  i n t e r v a l s  is  shown i n  Figure 14. This  f i g u r e  shows t h e  

northward wind component from White Sands, set 1. 

t h e  d a t a  w a s  2 days. 

are d e f i n i t e  d i f f e r e n c e s .  

about  25% smaller a t  t h e  h ighe r  h e i g h t s  and the phase i s  much more erratic 

than  t h a t  of t h e  extended t i m e  i n t e r v a l .  These r e s u l t s  i n d i c a t e  t h a t  one 

should d e f i n i t e l y  inc lude  t h e  a d d i t i o n a l  d a t a  s c a t t e r e d  c l o s e  i n  t i m e  

around t h e  b a s i c  t i m e  i n t e r v a l  i n  t h e  harmonic ana lyses  of t h e  atmospheric 

d a t a .  

The b a s i c  t i m e  l e n g t h  of  

Although t h e  two d a t a  sets g ive  similar r e s u l t s ,  t h e r e  

The amplitudes of t h e  b a s i c  t i m e  i n t e r v a l  are 

One must b e  c a r e f u l ,  however, t o  keep t h e  extended t i m e  i n t e r v a l  s h o r t  
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TABLE 3. COMPARISON OF STANDARD 
DEVIATIONS OF BASIC AND EXTENDED DATA 

Number of Diurnal  Diurnal  S emidiurnal  Semidiurnal 
Data P o i n t s  Wind Wind Phase Wind Wind Phase 

(m/ s e c  1 (Deg 1 (m/sec> (Deg 1 

24 

32 

20 

35 

17 

28 

13 
25 

1 9  

22 

1.38 

1.33 

2.51 

2.03 

2.12 

1.55 

2.73 

2.48 

1.93 

1.99 

Ascension I s l and  

10.92 2.55 

10.19 2.47 

White Sands, S e t  1 

13.26 2.12 

10.33 1.92 

White Sands, S e t  2 

18.76 2.62 

12.01 2.08 

White Sands, S e t  3 

18.03 2.29 

15.45 1 .98  

For t  C h u r c h i l l  

13.76 2.16 

12.49 2.15 

57.67 

47.07 

30.64 

22.39 

45.27 

37.11 

36.01 

24.92 

48.66 

32.75 
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enough s o  t h a t  s easona l  changes i n  t i d a l  phase o r  ampli tude would be  small. 

Harmonic ana lyses  were performed on t h e  f i v e  T i m e  S t r u c t u r e  Analys is .  

se ts  of da t a  w i t h  t h e  above mentioned c o r r e c t i o n s .  The r e s u l t s  were sub- 

t r a c t e d  from t h e  d a t a  which were co r rec t ed  f o r  s o l a r  r a d i a t i o n  only;  and 

thus ,  i r r e g u l a r  d a t a  p r o f i l e s  were obta ined .  Then t h e s e  i r r e g u l a r  p r o f i l e s  

were used i n  t h e  t i m e  s t r u c t u r e  func t ion  t o  g ive  an estimate of  t h e  g r a v i t y  

wave ampli tudes as shown i n  F igure  1. 

favorably  w i t h  prev ious  work t h a t  had been performed on e s s e n t i a l l y  t h e  same 

d a t a  

f ie  harmonic a n a l y s i s  r e s u l t s  compared 

(20-25) 

Compat ib i l i ty  of Wind and Thermodynamic Data. A major d i f f i c u l t y  i n  

performing t h e  harmonic a n a l y s i s  of upper a tmospheric  d a t a  i s  t h e  i n s u f f i c -  

i e n t  q u a n t i t y  of  p rope r ly  space t i m e  series d a t a .  However, t h e  need f o r  t h e  

l a r g e  q u a n t i t y  of d a t a  could poss ib ly  be  reduced i f  t h e  number of  independent 

v a r i a b l e s  i n  t h e  t i d a l  equa t ions  of motion could be  reduced. 

I n  theory it  i s  p o s s i b l e  t o  i n f e r  tempera ture ,  p re s su re ,  and d e n s i t y  

d a t a  from t h e  wind d a t a  (20926) .  

i on  of t h e  wind component d a t a  i n t o  t h e  east-west equa t ion  of motion t o  ob- 

t a i n  geopo ten t i a l  he igh t  v a r i a t i o n s  a t  several p r e s s u r e  levels.  Then, t h e s e  

he igh t  v a r i a t i o n s  are converted i n t o  p re s su re ,  d e n s i t y ,  and tempera ture  var- 

i a t i o n s .  This  method would make t h e  p re s su re ,  d e n s i t y ,  and tempera ture  var- 

i a t i o n s  dependent on t h e  wind v a r i a t i o n s  and t h u s ,  would c e r t a i n l y  reduce 

t h e  number of independent v a r i a b l e s  i n  an harmonic a n a l y s i s .  However, t h e  

method is very  s e n s i t i v e  t o  e r r o r s  i n  the wind components. 

f e a s i b i l i t y  of apply ing  t h i s  method t o  t h e  d a t a  i n  t h e  p r e s e n t  r e p o r t ,  w e  

used t h e  method t o  c a l c u l a t e  t h e  tempera ture ,  p r e s s u r e  and d e n s i t y  v a r i a t i o n s  

from t h e  observed wind v a r i a t i o n s  f o r  one d a t a  set from White Sands and then ,  

I n  gene ra l ,  t h e  process  involves  s u b s t i t u t -  

To check t h e  
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compared t h e s e  r e s u l t s  w i t h  t h e  observed thermodynamic d a t a .  The comparison 

of t h e  two r e s u l t s  w a s  ve ry  poor. S i m i l a r  r e s u l t s  were obtained by Beyers e t  

1 a1 . (20). Consequently, t h e  conclusion of t h i s  a n a l y s i s  is t h a t  t h i s  method 

should n o t  b e  used as a m e a n s  of reducing t h e  number of independent v a r i a b l e s  

because it seems t o  be t o o  s e n s i t i v e  t o  e r r o r s .  

Another means t o  reduce the number of independent v a r i a b l e s  i s  t o  restrict 

t h e  phase d i f f e r e n c e  between t h e  northward and eastward wind components t o  

90'. 

o s c i l l a t i o n ,  t h e  zonal  and meridional  wind components w i l l  be  i n  phase quad- 

r a t u r e .  However, i f  more than one mode of o s c i l l a t i o n  i s  p r e s e n t ,  t h e  phase 

I 
Theory p r e d i c t s  t h a t  i f  t h e  t i d a l  motion c o n t a i n s  only one mode o f  

\ 

r e l a t i o n s h i p  between t h e  zonal  and meridional wind could t a k e  on any va lue .  

I n s p e c t i o n  of t h e  r e s u l t s  of t h e  t i d a l  a n a l y s i s  from t h e  f i v e  d a t a  sets i n  

t h e  p r e s e n t  r e p o r t  i n d i c a t e s  t h a t  t h e r e  i s  no c o n s i s t e n t  phase r e l a t i o n s h i p  

between t h e  zonal  and meridional  wind components. Thus, t h i s  i n d i c a t e s  t h a t  

more than  one mode is p r e s e n t  i n  t h e  t i d a l  motion and t h e  phase d i f f e r e n c e  

r e s t r i c t i o n  t o  a va lue  of 90' would b e  i n v a l i d .  

Thus, t h e  conclusion is t h a t ,  a t  p re sen t ,  t h e r e  i s  no m e a n s  t o  by-pass 

t h e  need f o r  t h e  l a r g e  q u a n t i t y  of properly spaced d a t a  i n  o rde r  t o  perform 

t h e  t i d a l  harmonic a n a l y s i s .  
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6. LONG PERIOD VARIATIONS 

I 

S u f f i c i e n t  MRN d a t a  were found f o r  t h r e e  si tes t o  perform harmonic analy- 

sis  using pe r iods  of 5 days and longer .  

such t h a t  t h e  d a t a  va lues  occurred a t  t h e  same time of day, p l u s  o r  minus t e n  

minutes,  f o r  a t i m e  i n t e r v a l  covering about s i x  yea r s ,  1964 through 1969. The 

si tes and t h e  l o c a l  t i m e s  of day were Ascension I s l a n d ,  A.F.B., 1345 hours;  

Cape Kennedy, F l o r i d a ,  1000 hours;  and F o r t  Greely,  Alaska, 1000 hours .  S i t e  

l a t i t u d e s  and long i tudes  are given i n  Table 1. 

The d a t a  were chosen f o r  each s i t e  

No s o l a r  r a d i a t i o n  c o r r e c t i o n s  w e r e  made on t h e  temperature  d a t a  s i n c e  

t h e  c o r r e c t i o n s  f o r  s o l a r  ang le  v a r i a t i o n  a t  t h e  same t i m e  of day throughout 

a yea r  a r e q u i t e  small. 

t h e  d a t a  and would not  a f f e c t  t h e  harmonic a n a l y s i s .  

r a d i a t i o n  e r r o r s  i n  t h e  temperature d a t a  would be e r r o r s  due t o  seasona l  var-  

i a t i o n s  of t h e  s o l a r  angle  which are r e l a t i v e l y  s m a l l  ( l e s s  than 2OK o r  about 

0.8%). 

The r a d i a t i o n  e r r o r s  would be e s s e n t i a l l y  uniform i n  

The only non-uniform 

The number of d a t a  p o i n t s  f o r  t h e  a n a l y s i s  vaxy wi th  he igh t f rom a maximum 

of 409 t o  a minimum of 65. The d i s t r i b u t i o n  of t h e s e  d a t a  w i t h  seasons of t h e  

yea r s  are a s  follows: 
Winter Spring Summer F a l l  

Ascension I s l and  2 6% 18% 30% 26% 

Cape Kennedy 30% 22% 22% 26% 

F o r t  Greely 24% 35% 25% 16% 

The d a t a  a r e  r a t h e r  evenly d i s t r i b u t e d  by seasons.  

Harmonic a n a l y s i s  was performed by f i t t i n g  one pe r iod  a t  a t i m e  t o  t h e  d a t a  

and t h u s ,  a periodogram was obtained.  The h e i g h t s  included i n  t h e  a n a l y s i s  were 

45 km through 60 km i n  increments of 5 km. For example F igu res  15  through 2 3  
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show t h e  periodiograms f o r  t h e  winds, temperature ,  p r e s s u r e  and d e n s i t y  a t  t h e  

h e i g h t  45 km. 

annual ,  semi-annual, and quas i -b iennia l  (per iod  = 780 days)  o s c i l l a t i o n s .  The 

temperature  seems t o  have a s t r o n g  o s c i l l a t i o n  a t  t h e  600 days pe r iod  a l s o .  

Not ice  t h a t  t h e  long  per iod  northward wind i s  very  small compared t o  t h e  east- 

ward wind bo th  a t  Ascension I s l a n d  and Cape Kennedy and only becomes s i g n i f i -  

can t  a t  t he  h ighe r  l a t i t u d e  of  For t  Greely.  

The predominant o s c i l l a t i o n s  shown by t h e s e  f i g u r e s  are t h e  

Quasi-biennial  O s c i l l a t i o n s .  The quas i -b iennia l  o s c i l l a t i o n  appears  as 

The d e f i n i t e  peaks o n . t h e  periodograms of t h e  winds, p r e s s u r e  and d e n s i t y .  

temperature  curves  do n o t  show any p re fe rence  f o r  t h e  quas i -b i enn ia l  pe r iod  

as compared t o  ad jacen t  pe r iods .  Table  4 shows t h e  ampli tude v a r i a t i o n s  of  

t h i s  o s c i l l a t i o n  wi th  he igh t  and l a t i t u d e .  General ly ,  t h e  o s c i l l a t i o n  de- 

creases i n  ampli tude wi th  i n c r e a s i n g  h e i g h t s  nea r  t h e  equa to r  and i n c r e a s e s  

i m  amplitude w i t h  i n c r e a s i n g  he igh t  a t  t h e  h ighe r  l a t i t u d e s .  These r e s u l t s  

are i n  agreement wi th  prev ious  work ( 2 7 - 3 5 ) .  

maximum amplitude of  t h e  quas i -b iennia l  o s c i l l a t i o n  f o r  t h e  d i f f e r e n t  s i tes .  

The a b s c i s s a  of t h i s  f i g u r e  has  two scales. 

of maximum ampli tude i n  t h e  years  1966-1968 as c a l c u l a t e d .  The bottom scale 

shows t h e  month of maximum ampli tude f o r  t h e  y e a r s  1972-74 assuming t h a t  t h e  

o s c i l l a t i o n  remains coherent .  

F igure  24 shows t h e  month of  

The top  scale shows t h e  month 

Annual O s c i l l a t i o n .  The annual  o s c i l l a t i o n  i s  d e f i n i t e l y  t h e  most pre-  

dominant of  a l l  t h e  p l ane ta ry  waves as shown by t h e  periodograms. 

25 shows the  month of  maximum ampli tude f o r  t h e  d i f f e r e n t  s i tes.  

shows t h e  v a r i a t i o n s  of t h e  ampl i tudes  w i t h  h e i g h t  and l a t i t u d e .  

ampli tudes f o r  each s i te  are r a t h e r  c o n s t a n t  w i t h  he igh t .  

F igure  

Table  5 

The wind 

The eastward wind 
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TABLE 4. AMPLITUDE VARIATION W I T H  HEIGHT 
AND LATITUDE OF QUASI-BIENNIAL OSCILLATION 

Height Ascension 
(km) I s l a n d  

Cape 
Kennedy 

Fort 
Greely 

45 
50 
55 
60 

45 
50 
55 
60 

45 
50 
55 
60 

45 
50 
55 
60 

45 
50 
55 
60 

19.2 
15.5 
5.9 
1.5 

Eastward Wind (m/sec) 

11.9 
15.9 
16.2 
34.5 

Northward Wind (m/sec) 

0.55 
1.17 
1.19 
2.62 

1.86 
1.87 
0.64 
0.84 

1.5 
1.4 
1.2 
0.9 

1.5 
1.5 
1.3 
1.8 

1.15 
0.78 
0.35 
4.65 

Temperature (K deg) 

5.97 
4.46 
8.03 
17.89 

Pressure (% of mean) 

0.3 
0.8 
1.2 
1.9 

Density ( X  of mean) 

0.8 
0.5 
0.9 
1.5 

5s 

5.9 
7.6 
11.4 
16.4 

3.92 
3.86 
7.21 

14.87 

3.56 
4.08 
4.13 
6.45 

5.6 
7.0 
7.6 
8.4 

5.0 
6.5 
7.5 
6.5 



TABLE 5 .  AMPLITUDE VARIATION OF ANNUAL 
OSCILLATION WITH HEIGHT AND LATITUDE 

H e i g h t  A s  cens ion 
(km) I s l and  

C a p e  
K e n n e d y  

For t  
G r e e l y  

E a s t w a r d  Wind ( m / s e c )  

45 
50  
55 
60  

45 
5 0  
55 
60  

45 
50  
55 
60  

45 
5 0  
55  
6 0  

45 
50 
55 
60  

18 .4  
16 .6  
17.8 
14 .4  

37.0 
42.6 
43 .O 
4 0 . 1  

N o r t h w a r d  Wind ( m / s e c )  

2 . 9  
2 .9  
3 . 1  
3.0 

0 .7  
1.1 
1.8 
2 . 9  

1 . 4  
1.0 
0.5 
0 .7  

1 .9  
1 . 2  
1.1 
1.7 

3 .2  
2 . 8  
2 .2  
2 . 3  

T e m p e r a t u r e  (K deg) 

7 . 0  
4 .3  
7 .8  

21.7 

Pressure (% of m e a n )  

5 . 1  
4 .9  
4.8 
3.6 

D e n s i t y  (% of m e a n )  

5.9  
5 . 1  
4.7 
4 .0  

23.8 
26 .8  
29 .0  
22 .3  

1 3 . 9  
1 5 . 8  
1 5 . 1  
1 4 . 6  

21 .1  
16 .6  
12 .6  

9 . 6  

20 .9  
25 .5  
28.7 
28 .4  

1 2 . 8  
1 9 . 2  
23.7 
24.7 
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has i t s  l a r g e s t  o s c i l l a t i o n s  a t  Cape Kennedy. The northward wind is  i n s i g n i -  

f i c a n t  f o r  t h e  two lower l a t i t u d e  sites b u t  becomes a p p r e c i a b l e  a t  For t  Greely. 

The temperature  o s c i l l a t i o n s ,  which a r e  i n  u n i t s  of K deg, and t h e  p r e s s u r e  

and d e n s i t y  o s c i l l a t i o n ,  which are i n  u n i t s  of p e r  c e n t  of t h e  m e a n ,  behave i n  

s i m i l a r  f a sh ions .  

b u t  i n c r e a s i n g  w i t h  l a t i t u d e  t o  an amplitude i n  t h e  20's a t  F o r t  Greely. 

o s c i l l a t i o n s  ag ree  reasonably w e l l  w i th  t h e  r e s u l t s  of Cole . 

The i r  amplitudes are s m a l l  n e a r  t h e  equa to r  (less than 3 )  

These 

( 3 4 )  

Semiannual O s c i l l a t i o n .  The semiannual o s c i l l a t i o n s  seem t o  be subordi-  

n a t e  t o  t h e  annual o s c i l l a t i o n s  everywhere except n e a r  the equator .  

s i te  of Ascension I s l a n d  ( e s p e c i a l l y  i n  t h e  eastward wind), t h e  semiannual 

amplitudes are l a r g e r  t han  t h e  annual amplitudes a t  t h e  lower h e i g h t s .  

e v e r ,  t h e  semiannual amplitudes decrease r a p i d l y  wi th  he igh t  so t h a t  t h e  

annual o s c i l l a t i o n s  appear t o  dominate a t  the h i g h e r  h e i g h t s  even nea r  t h e  

equa to r .  

A t  t h e  

How- 

F igure  26 shows t h e  month of maximum amplitude f o r  t h e  d i f f e r e n t  sites. 

Table 6 shows t h e  amplitude v a r i a t i o n s  wi th  he igh t  and l a t i t u d e .  The e a s t w a r d  

wind, as s t a t e d  above, seems t o  dec rease  i m  amplitude w i t h  i n c r e a s i n g  h e i g h t ,  

b u t  shows a maximum a t  t h e  he igh t  of 50 km which ag rees  wi th  experimental  re- 

s u l t s  of Reed ( 3 6 ) .  

w i t h  h e i g h t  at Cape Kennedy and seems t o  inc rease  w i t h  h e i g h t  a t  For t  Greely. 

The northward wind amplitude aga in  is  i n s i g n i f i c a n t  f o r  t h e  two lower l a t i t u d e s  

b u t  does become s i g n i f i c a n t  a t  For t  Greely. 

The eastward wind amplitude remains e s s e n t i a l l y  cons t an t  

Again, t h e  temperature ,  p r e s s u r e  and dens i ty  o s c i l l a t i o n s  act s i m i l a r l y  

by having s m a l l  amplitudes nea r  t h e  equator  b u t  i n c r e a s i n g  wi th  l a t i t u d e s  t o  

ampli tudes of 10 t o  15  a t  F o r t  Greely ( 3 4 , 3 5 )  
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TABLE 6. AMPLITUDE VARIATION OF SEMIANNUAL 
OSCILLATION W I T H  HEIGHT AND LATITUDE 

45 
50 

I 55 

Height Ascension 
(W I s l a n d  

Cape 
Kennedy 

F o r t  
Greely 

45 
50 
55 
60 

45 
50 
55 
60 

45 
50 
55 
60 

45 
50 
55 
60 

24.9 
25.8 
18.5 
8.9 

Eastward Wind (m/sec) 

15.7 
17.9 
17.7 
18.2 

Northward Wind (m/sec) 

0.3 
0.5 
1.0 
1.9 

2.4 
2.9 
2.9 
2.2 

Temperature (K deg) 

2.2 6.8 
1.8 3.8 
1 .4  7 .O 
2.7 22.8 

1.7 
1.8 
1.4 
1.1 

1.3 
1.5 
1.8 
1.0 

P res su re  (% of mean) 

1.5 
1 .4  
1.3 
0.7 

Densi ty  (X of mean) 

2.4 
1.8 
1 .o 
0.8 
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8.3 
11.7 
15.2 
19.9 

5.9 
5.2 
4 . 3  
2.6 

8.3 
7.9 
7.2 
4.8 

8.4 
10.5 
13.7 
15.8 

6.3 
8.0 

10.9 
14 .3  
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(37-40) which Shor te r  Per iod O s c i l l a t i o n s .  Theories  have been presented  

p r e d i c t  t h a t  p l ane ta ry  waves of  pe r iods  5 t o  50 days may p e n e t r a t e  upward i n t o  

t h e  s t r a t o s p h e r i c  r eg ions .  

s u b s t a n t i a t e  t hese  t h e o r i e s  ( 4 1 y  42) and r e c e n t  re f inements  t o  t h e  theory  have 

been o f fe red  (43).  

of per iods  5 t o  50 days from t h e  periodograms were made. 

c a t i o n s  i n  t h e  periodograms of o s c i l l a t i o n s  wi th  t h e s e  pe r iods ;  however, t h e  

o s c i l l a t i o n s  a r e  no t  c o n s i s t e n t  f o r  t h e  d i f f e r e n t  s i tes o r  f o r  t h e  d i f f e r e n t  

parameters.  

appear  t o  peak i n  t h e  eastward wind a t  Cape Kennedy w i t h  an ampli tude of about 

10 m/sec, b u t  n o t  a t  t h e  o t h e r  two s i tes .  I n  a d d i t i o n ,  t h e  o t h e r  parameters  

do n o t  show peaks a t  t h e s e  two pe r iods  except  poss ib ly  t h e  p r e s s u r e  and d e n s i t y  

o s c i l l a t i o n s  a t  For t  Greeley. 

A few obse rva t ions  have been made which seem t o  

I n  t h e  p re sen t  a n a l y s i s ,  a t t empt s  t o  i d e n t i f y  p l a n e t a r y  waves 

There seem t o  be i n d i -  

For example, o s c i l l a t i o n s  wi th  pe r iods  of about 6 days and 25 days 

The periodograms i n d i c a t e  t h a t  t h e  l a r g e s t  o s c i l l a t i o n s  i n  t h e  wind and 

temperature  i n  t h e  p e r i o d i c  range of  5 t o  50 days occur  a t  Cape Kennedy w i t h  

amplitudes of about 10  m/sec and 7 K deg. 

o s c i l l a t i o n s  i n  t h e  winds and temperatures  f o r  t h e s e  pe r iods .  The o s c i l l a t i o n s  

i n  p re s su re  and d e n s i t y  seem t o  be  l a r g e s t  a t  For t  Greely 

about two p e r  cen t  of t h e  mean and seem t o  be  smallest a t  Cape Kennedy. 

The o t h e r  two s i tes  show very  s m a l l  

w i t h  ampli tudes o f  

The ampl.itudes of t h e  14 t o  30 day pe r iods  were analysed a l s o  by t h e  meth- 

od of d a i l y  d i f f e r e n c i n g  (See Sec t ion  3 ) .  

p a r i s o n  i n  F igures  15 through 23 by t h e  arrows on t h e  l e f t  s i d e  of t h e  f i g u r e s .  

I n  every case  except  two, t h e  ampli tudes a s  shown by t h e  periodograms are 

much smaller than those  p red ic t ed  by t h e  d a i l y  d i f f e r e n c e  method. 

a b l e  cause f o r  t h e  d iscrepancy  i s  t h a t  t h e  harmonic a n a l y s i s  method assumes 

t h a t  t h e  o s c i l l a t i o n s  remain coherent  f o r  t h e  e n t i r e  t i m e  of i n v e s t i -  

These ampl i tudes  a r e  shown f o r  com- 

The prob- 
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’ would remain coherent f o r  six yea r s .  Thus, i f  t h e  waves w e r e  i ncohe ren t ,  t h e  

harmonic a n a l y s i s  method would underest imate  t h e  amplitudes of t h e s e  waves. 

To do a harmonic a n a l y s i s  f o r  t h e s e  p l a n e t a r y  waves, one needs t o  d i v i d e  t h e  

d a t a  i n t o  smaller, t ime i n t e r v a l s  so  t h a t  coherence could b e  a t t a i n e d .  Then, 

I 
t h e  r e s u l t s  of a l l  t h e  t i m e  i n t e r v a l s  could be  averaged. 

61 



7. SOLAR CORRELATIONS 

Cor re l a t ion  a t  Chemical Release Heights .  A s i g n i f i c a n t  c o r r e l a t i o n  has  

s o l a r  f l u x  10.7 been found ( 4 4 )  between t h e  northward wind component and t h e  F 

( o r  Zurich sunspot  number Rz) i n  t h e  a l t i t u d e  range 110 - 140 km. Densi ty  

and temperature  v a r i a t i o n s  n e a r  t h e  100 km level have a l s o  been c o r r e l a t e d  

w i t h  s o l a r  a c t i v i t y ( 4 5 ) .  

t o  b e  c o r r e l a t e d  w i t h  s o l a r  a c t i v i t y  i n d i c e s  i n  a s i g n i f i c a n t  way. 

ward wind c o r r e l a t i o n  was such as t o  g ive  a r eg res s ion  r e l a t i o n  

The eastward wind component, however, w a s  n o t  found 

The nor th-  

VN = 42 + 0.85 FlOq7 (35) 

i s  approximately 80, a 10% change i n  FlOa7 10.7 Since  t h e  average va lue  of F 

would cause a change of roughly 7% i n  t h e  northward wind component. 

It i s  be l i eved  t h a t  t h e  dependence of northward v e l o c i t y  on FlOm7 expressed 

by equat ion  (35) is t h e  r e s u l t  of t h e  gene ra t ion  of g r a v i t y  waves by magnetic 

s torms and t h e i r  subsequent propagat ion equatorward. The southward propagat ing  

g r a v i t y  waves would produce a predominately north-south v e l o c i t y  p e r t u r b a t i o n .  

The genera t ion  of  g r a v i t y  waves by magnetic substorms w a s  proposed ear l ie r  by 

Testud and Vasseur ( 4 6 )  

Observat ions of increased  eastward wind components a t  h ighe r  a l t i t u d e s  

(near  1 6 0  km) dur ing  a geomagnetic s torm were repor t ed  by Smith (47) bu t  t h e  

inc reased  eastward component w a s  suggested as be ing  due t o  a thermal  wind 

r e l a t i o n s h i p  wi th  increased  p o l a r  tempera ture  over  e q u a t o r i a l  temperature .  

A s o l a r  c y c l e  dependence of  p r e v a i l i n g  winds (both  northward and eastward 

components) and semidiurna l  component winds have been r e p o r t e d  by Spr inge r  and 
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S ~ h m i n d e r ' ~ ~ ) .  These obse rva t ions  a t  about 95 km a l t i t u d e  i n d i c a t e  an i n -  

crease i n  t h e  semidiurnal  component w i t h  s o l a r  a c t i v i t y ,  b u t  a dec rease  of 

t h e  p r e v a i l i n g  winds w i t h  s o l a r  a c t i v i t y .  

It w a s  decided t h a t ,  r a t h e r  t han  a c o r r e l a t i o n  a n a l y s i s ,  a superposed 

epoch a n a l y s i s ,  similar t o  that app l i ed  by Woodbridge (49) at t h e  300 mb level,  

would b e  most a p p r o p r i a t e .  The superposed epoch a n a l y s i s  would c o n s i s t  of 

mean squa re  v a l u e s  of a parameter (e.g. g rav i ty  wave o r  p l a n e t a r y  wave wind 

o r  thermodynamic v a r i a b l e s )  p l o t t e d  ve r sus  number of days b e f o r e  o r  a f t e r  a 

key day, i .e. a day of h igh  s o l a r  a c t i v i t y .  However, i t  w a s  considered t h a t  

a t  t h i s  t i m e  t h e  amount of d a t a  above MRN he igh t ,  is such t h a t  t oo  few d a t a  

would b e  from t i m e s  c l o s e  t o  key days f o r  such an a n a l y s i s  t o  be performed 

(See below f o r  d i s c u s s i o n  of t h e  method of key day s e l e c t i o n ) .  Thus t h e  super- 

posed epoch a n a l y s i s  above 65 km w a s  postponed u n t i l  more d a t a  can b e  added t o  

t h a t  a l r e a d y  accumulated. 
t 

I n  t h e  meantime i t  is  f e l t  t h a t  t h e  c o r r e l a t i o n  given 

by equa t ion  (35) can be used t o  estimate t h e  g r a v i t y  wave magnitude through 

AVN = 0.85 AFlOe7. 

C o r r e l a t i o n  a t  MRB Heights.  The superposed epoch a n a l y s i s  w a s  employed on 

t h e  MRN. d a t a  from t h r e e  sites: Ascension I s l and ,  Cape Kennedy, and For t  Greely. 

The f i r s t  problem w a s  t o  d e f i n e  t h e  key days t o  be used i n  t h e  a n a l y s i s .  Noon- 

k e s t e r  used as a d e f i n i t i o n  any day i n  which t h e  i n t e r n a t i o n a l  c h a r a c t e r  (50) 

f i g u r e  Ci i nc reased  by 1.0 o r  more from t h e  preceding day. Woodbridge ( 4 9 )  con- 

s i d e r e d  as a key day any day on which t h e  p l ane ta ry  geomagnetic index A 

15 o r  l a r g e r  and had f i r s t  reached t h i s  value through a one-day rise AA 

g r e a t e r  t h a n  11. 

was 
P 

P 

The Noonkester d e f i n i t i o n  y i e lded  56 key days i n  t h e  1964-69 

p e r i o d  s t u d i e d ,  o r  about one Every 39 days on t h e  average. The Woodbridge de- 
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f i n i t i o n  y i e lded  151  key days o r  about one every 1 4  o r  15  days on t h e  average. 

Therefore a modified d e f i n i t i o n  was developed t o  r e c o n c i l e  t h e s e  d i f f e r e n c e s .  

me following d e f i n i t i o n  w a s  adopted: 

than 15 and f i rs t  became g r e a t e r  than 1 5  through e i t h e r  (1) a one-day change 

AA > 11 and on which a l s o  t h e  one-day change AC > 1, o r  (2) a one day change 

AA 

AC 

AA > 18 days which d i d  n o t  correspond t o  AC 

Table 7 gives a y e a r l y  and monthly breakdown of t h e  occurrence of key days 

determined by t h i s  method, 

A key day is  one i n  which A is  g r e a t e r  
P 

P '  i -  

> 18 r e g a r d l e s s  of t h e  ACi value.  
P -  

> 1 days corresponded t o  AA 
i -  P -  

P -  i -  

With t h i s  d e f i n i t i o n  50 of t h e  j b  

> 11 days and t h e r e  were 28 a d d i t i o n a l  

> 1, wi th  a t o t a l  of 78 key days. 

After  t h e  key days had been s e l e c t e d ,  d a i l y  d i f f e r e n c e  magnitudes i n  t h e  

25 t o  45 km and 45 t o  65 km he igh t  ranges were averaged w i t h  respect t o  number 

of days before  o r  a f t e r  a key day (based on t h e  d a t e  of t h e  earlier p r o f i l e  of 

t h e  p a i r  being d i f f e r e n c e d ) .  

check f o r  g r a v i t y  wave dependence on s o l a r  a c t i v i t y ,  and over  7 t o  15  days 

sepa ra t ion ,  t o  check f o r  p l a n e t a r y  wave dependence on s o l a r  a c t i v i t y ,  were 

t e s t e d .  

n i t u d e  with r e s p e c t  t o  days a f t e r  a key day was determined. 

Daily d i f f e r e n c e s  over one day s e p a r a t i o n ,  t o  

In  a l l  cases ,  i n  both he igh t  ranges,  no s i g n i f i c a n t  v a r i a t i o n  of mag- 

Thus i t  appears,  on t h e  b a s i s  of t h i s  s tudy ,  Ehat t h e  s o l a r  c o r r e l a t i o n  

found near  t h e  100 km l e v e l  (44'45) and t h a t  found a t  lower s t r a t o s p h e r i c  

h e i g h t s  (49-52) are not  connected by p rocesses  which propagate  through t h e  2 5  - 
65 km region. 

l e v e l  are due t o  d i r e c t  geomagnetic s torm gene ra t ion  of g r a v i t y  waves 

while  t h e  lower s t r a t o s p h e r i c ,  and p o s s l b l y  s u r f a c e  c o r r e l a t i o n s  are due t o  

a complicated chain of x-ray n u c l e a t i o n ,  cloud formation,  and s u r f a c e  rad-  

This suppor t s  t h e  i d e a  t h a t  t h e  c o r r e l a t i o n s  n e a r  t h e  100 km 

(46) , 

i a t i o n  balance e f f e c t s ,  such as proposed by Roberts (51) . 

64 



TABLE 7. YEARLY AND MONTHLY DISTRIBUTIONS 
OF THE 78 KEX DAYS 

Year Number Month Number 

1964 17  Jan. 6 

1965 7 Feb . 12 

1966 15 Mar. 9 

1967 16 Apr . 6 

1968 11 %Y 9 

1969 12 June 4 

65 

Month Number 

July 6 

Aug . 5 

Sept. 9 

Oct. 6 

Nov. 2 

Dec . 4 



It w i l l  b e  p o s s i b l e ,  w i th  t h e  a d d i t i o n  of a f e w  more d a t a  sets, t o  do a 

superposed epoch a n a l y s i s  of winds i n  t h e  chemical release a l t i t u d e  region.  

With t h i s  approach i t  should be p o s s i b l e  t o  compute g r a v i t y  wave magnitudes 

du r ing  geomagnetic storms and du r ing  non-storm cond i t ions .  
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8. PROCEDURE FOR EVALATION OF EFFECTS ON 
SPACECRAFT DUE TO ATMOSPHERIC VARIATION 

The a n a l y s i s  of s t r u c t u r e  f u n c t i o n s  i n d i c a t e  t h a t  t h e  g r a v i t y  wave per- 

t u r b a t i o n s  i n  wind, p re s su re ,  d e n s i t y ,  and temperature i n  t h e  25 - 200 km reg- 

i on  have a continuous spectrum. Thus the e f f e c t s  of g r a v i t y  waves on a space- 

c r a f t  t r a v e r s i n g  t h e s e  a l t i t u d e s  can b e  analyzed i n  terms of t h e  s p e c t r a l  

techniques of turbulence.  

P l ane ta ry  waves i n  t h e  45 - 65 km region e x h i b i t  s i n g l e  modes of s p e c i f i c  

ver t ical  wavelength (above 37 km) and i n  t h e  65 - 85 km region a p r e f e r r e d  

v e r t i c a l  wavelength of about 20 km is found f o r  t h e  p l a n e t a r y  s c a l e  waves. 

Atmospheric t i d e s  a l s o  e x h i b i t  d i s c r e t e  wavelengths. S t a t i s t i c a l  bu t  non- 

s p e c t r a l  methods f o r  cons ide r ing  t h e s e  d i s c r e t e  wavelength phenomena are pre- 

s en ted  la ter  i n  t h i s  s e c t i o n .  

The coord ina te s  of t h e  a n a l y s i s  are i n d i c a t e d  i n  Figure 27 .  The x, y, 

z system h a s  x and y axes i n  t h e  h o r i z o n t a l  p l ane  and z i n  t h e  v e r t i c a l  d i r -  

e c t i o n .  The x d i r e c t i o n  has  been conveniently chosen t o  b e  along t h e  azimuth 

of t h e  s p a c e c r a f t  t r a j e c t o r y .  The e l e v a t i o n  of t h e  s p a c e c r a f t  t r a j e c t o r y  is  

t h e  a n g l e  8 and t h e  x ' ,  y ' ,  2 '  axes are those which are r o t a t e d  through t h i s  

ang le  6. Thus x'  is  a long  t h e  d i r e c t i o n  of f l i g h t  o f  t h e  s p a c e c r a f t .  The 

displacement r a long  t h e  x' a x i s  i s  t h e  d i s t a n c e  of t r a v e l  of t h e  s p a c e c r a f t  

i n  an a r b i t r a r y  t i m e  i n t e r v a l  T. 

U ,  t hen  r and T are r e l a t e d  by r = UT. 

component displacements  r and r 

given by 

With the speed of t h e  s p a c e c r a f t  given by 

The displacement r can be broken i n t o  

i n  t h e  h o r i z o n t a l  and v e r t i c a l  d i r e c t i o n s  
1 3 

r = U C O S ~ T  1 r3 = U s i n  8 T 
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C o r r e l a t i o n  Functions.  The s t r u c t u r e  func t ions  measured and r e p o r t e d  

bo th  i n  s e c t i o n  3 and 4 and i n  t h e  earlier report") can b e  r e l a t e d  t o  corre-  

l a t i o n  f u n c t i o n s ,  which i n  t u r n  can be r e l a t e d  t o  s p e c t r a .  

i n d i c a t e  t h a t  bo th  scalar and v e c t o r  s p e c t r a  should have a high frequency 

range power l a w  behavior  w i th  exponents ranging from -1.6 t o  -2.5. 

frequency range exponent f o r  t h e  von Karman spectrum is  -1.67 and f o r  t h e  

Dryden spectrum it is -2.0. 

exponen t i a l  c o r r e l a t i o n  func t ion ,  is o f t e n  used i n  p l a c e  of t h e  von Karman 

spectrum f o r  atmospheric turbulence and the d i f f e r e n c e s  between t h e  two have 

l i t t l e  eng inee r ing  s i g n i f i c a n c e  because t h e  major d i f f e r e n c e s  occur  only a t  

t h e  r e l a t i v e l y  unimportant h igh  f r equenc ie s .  Since t h e  Dryden exponent f a l l s  

roughly i n  t h e  middle of t h e  observed range of exponents then t h e  Dryden spect-  

rum can b e  used i n  a l l  cases without  s e r i o u s  eng inee r ing  e r r o r .  However, t h e  

an i so t ropy  of t h e  i r r e g u l a r  v a r i a t i o n  f i e l d s  must be taken i n t o  account by t h e  

u s e  of d i f f e r e n t  ver t ical  and h o r i z o n t a l  scales. 

The measurements 

The h igh  

The Dryden spectrum, which i s  based on a l inear 

For eng inee r ing  purposes t h e  fol lowing s p a t i a l  c o r r e l a t i o n  f u n c t i o n s  can 

For scalar q u a n t i t i e s  (p re s su re ,  b e  used i n  t h e  25 t o  200 km a l t i t u d e  range: 

d e n s i t y ,  and temperature)  u s e  

- r / L  R ( r )  = e 
... 

where r / L  is given by 

(37 1 

and L1 and L 

Table  8 f o r  g r a v i t y  wave p res su re ,  d e n s i t y ,  and temperature v a r i a t i o n s .  

s t i t u t i o n  of (36) i n t o  (38) provides  a r e l a t i o n  between t h e  l e n g t h  s c a l e s  

are r e s p e c t i v e l y  t h e  h o r i z o n t a l  and v e r t i c a l  s c a l e s  given i n  3 
Sub- 
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and t h e  t r a j e c t o r y  angle  8 

L = L ~ L ~ / ( L ~ ~  s i n 2  e + L~ .2 cos 2 e)  1 / 2  

For s p a t i a l  c o r r e l a t i o n s  of v e l o c i t y  components u se  

-r /Lu R22(r)  = ( 1  - r/2LU) e 

R33(r) = ( 1  - r12/2rLw) e -r/& 

R13(r) - + R31(r) = (rlr3/rLw) e 

-. 

- 
-r/h 

(39) 

where R . ( r )  i s  t h e  c o r r e l a t i o n  <ui(x) u . ( x  + r ) > / o i a j ,  a i  i s  t h e  r m s  va lue  Of 

t h e  i t h  v e l o c i t y  component, and LU and Lw are de f ined  by 

iJ - - J -  - 

(44) 

(45) 

(46) 

(47) 

2 
( r /Lu)2  = (rl/LU1I2 + ( r 3 / ~ u 3 )  

2 2 2 1 / 2  
s i n  e + L~~ cos 0) 

2 
L U = L u l  Lu3/(Lu1 

2 2 
(r/Lw) = (rl/Lw1I2 + ( r 3 / ~ w 3 )  

Lw = LwlLw3/(Lwl s i n  e + L~~~ cos' e) 2 2 1 / 2  

where Lul, Lu3, Lwl, and Lw3 are h o r i z o n t a l  and v e r t i c a l  s c a l e s  given i n  Table 

8,  a long wi th  t h e  appropr i a t e  mean a v a l u e s  f o r  t h e  i r r e g u l a r  h o r i z o n t a l  winds 

u and v (ul and u2) and v e r t i c a l  component w (u 3 ).  

Sca la r  and Veloci ty  Spectra .  S p e c t r a  computed from t h e s e  c o r r e l a t i o n  

func t ions  a re  as follows: For t h e  spectrum of  s c a l a r  q u a n t i t i e s  u se  
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2 2 $(k) = 2a L / a [ l +  (kL) ] 

where u is  t h e  r m s  va lue  of t h e  q u a n t i t y  whose spectrum is  be ing  eva lua ted .  

The wave number s p e c t r a  i n  ( 4 8 )  i s  f o r  k i n  radians/km, wi th  L determined from 

( 3 9 ) ,  o r  i n  terms of frequency w i n  r ad ians / sec  use  

Table 8 g ives  va lues  of 0 f o r  g r a v i t y  wave p res su re ,  d e n s i t y  and temperature  

v a r i a t i o n s .  

by e i t h e r  ( 4 8 )  o r  ( 4 9 )  can b e  considered t h e  same as f o r  level f l i g h t ,  i.e. 

use  L f o r  L. The t r a j e c t o r y  ang le  8 is  less than 5' throughout t h e  e n t i r e  

descent  phase and above 85 km on t h e  ascent phase of t h e  t y p i c a l  space  s h u t t l e  

t r a j e c t o r y  ( s e e  Table 9 f o r  t h e  t y p i c a l  va lues  used h e r e ) .  For t h e  t r a n s v e r s e  

v e l o c i t y  spectrum i n  t h e  h o r i z o n t a l  d i r e c t i o n  use  

For t r a j e c t o r y  angles  8 less than about 5' t h e  spectrum computed 

1 

2 $221(k) = o u u  L [l + 3(k L U )2]/7r[1 + (k L U I2l2 

f o r  t h e  wave number spectrum wi th  L 

quency use  

determined from ( 4 5 )  o r  in .  terms of f r e -  
U 

02,1(w) = a 2 L [l + 3(w L /Ul21/a U [ 1  + (w LU/U)2l2 
u u  U 

0 
For t r a j e c t o r y  ang le s  less than 2 

used f o r  Lu i n  (50 o r  (51). 

t i c a k  p l ane  u s e  

h o r i z o n t a l  f l i g h t  may be assumed and Lul 

For t h e  t r a n s v e r s e  v e l o c i t y  spectrum i n  t h e  ver-  
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u sin' 0 L [I  + cos2 0 + (2 + s i n 2  0) (k  Lul21  
2 

U U + 
IT + (k Lu) 1 

For 0 < 2' h o r i z o n t a l  f l i g h t  may b e  assumed and (52) reduces t o  

o r ,  expressed as a frequency spectrum 

I 

(54) 
~ 2 2 2 2  

433 (w) = 0 W Lwl[l + 3(w LWl/U) ] / T U [ l  + (w LWl/U) ] 

Because of small va lues  of uw and Lw t h e  t r a n s v e r s e  v e r t i c a l  spectrum com- 

puted by (52) remains a f a c t o r  of t e n  o r  more smaller than  t h e  h o r i z o n t a l  t r a n s -  

ve r se  spectrum $,, There fo re ,  t h e  simple 

forms (53) o r  (54) may be used i n  a l l  cases i n  which t h e  v e r t i c a l  spectrum, be- 

cause of i t s  smaller magnitude, would n o t  have t o  be eva lua ted  wi th  extreme 

0 I 

~ 

even up t o  t r a j e c t o r y  ang le s  of 15 . 

accuracy. 

The l o n g i t u d i n a l  spectrum would have a complicated angu la r  form analogous 

t o  (52) but s i n c e  i t  i s  no more angu la r  s e n s i t i v e  t h a t  t h e  t r a n s v e r s e  s p e c t r a ,  

and s i n c e  t h e  l o n g i t u d i n a l  response modes are u s u a l l y  unimportant ,  only t h e  

l e v e l  f l i g h t  spectral  form need be considered.  With 0 = 0, t h e  l o n g i t u d i n a l  

spectrum is 
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o r  i n  frequency form 

TABLE 9. TYPICAL SPEEDS U AND TRAJECTORY ANGLES 8 FOR SPACE SHUTTLE TRAJECTORIES. 
(53) Values were determined from Smith e t  a1 

Height 
Range Ascent Descent 

(km) U e U 8 

( W s e c )  (deg 1 ( W s e c )  (deg 

45 - 65 2.4 14' 4.6 0.6' 

65 - 85 3.4 7O 4.7 0.2O 

85 - 110 5.9 2O 4.6 0.8O 

P r o b a b i l i t i e s  and Exceedance Values. N o  measurements have been made of t h e  

p r o b a b i l i t y  d i s t r i b u t i o n  of t h e  s t anda rd  d e v i a t i o n  p ( a ) .  Only t h e  average  val- 

ues  have been determined. The form of p(U> which should b e  assumed is  t h e  same 

as used f o r  tu rbulence  a t  lower a l t i t u d e s .  

(57) 
2 2  p(o)  = (m b) exp (- u /2b 

from which i t  can be  shown t h a t  t h e  average  v a l u e  of u i s  a' = b T, so t h a t  

t h e  va lues  o f  b ( t h e  s tandard  d e v i a t i o n  of a) t o  be  used are given by 

where a' values  can be  obta ined  from Table  8. 

u a t i o n s  of a load  q u a n t i t y  y t h a t  exceed t h e  v a l u e  y* is  given by 

Therefore  t h e  number M of f l u c t -  
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M(y*) = No e-(- ly*l/1.253 a A) (59) 

where N is  given by 
0 

i n  which $ i s  t h e  spectrum of y and u i s  given by 
Y Y 

For a s imgle element of t h e  s p a c e c r a f t  t h e  r e l a t i o n  between t h e  spectrum r$ 

of t h e  response y and t h e  spectrum $ (w) causing t h e  response is  

(w) Y 

where H is t h e  t r a n s f e r  (frequency response) func t ion .  The parameter A i n  

equa t ion  (59) i s  given by 

Thus a s t anda rd  type  of exceedance model such as t h a t  employed by NASA (54) can 

be used w i t h  b ,  t h e  s t anda rd  d e v i a t i o n  of u, given by equat ion (53). With f u r -  

t h e r  s tudy  perhaps p(a) could be d iv ided  i n t o  q u i e t  o r  non-storm cond i t ions  and 

active o r  s torm cond i t ions  based on mid-winter warming cond i t ions ,  e s p e c i a l l y  

a t  t h e  lower a l t i t u d e s ,  and based on s o l a r  a c t i v i t y ,  e s p e c i a l l y  a t  t h e  h i g h e r  

l e v e l s .  Perhaps a b e t t e r  r e l a t i o n  than (57) could b e  determined by a c t u a l  

measurement of t h e  p r o b a b i l i t y  of occurrence of u values .  

of p ( a )  may a l s o  e x i s t .  

Seasonal v a r i a t i o n  

L a t i t u d e  and Other Var i a t ions .  I f  i t  is d e s i r e d  t o  t a k e  i n t o  account t h e  

d i f f e r e n t  i r r e g u l a r  v a r i a t i o n  magnitudes a t  v a r i o u s  l a t i t u d e s  then t h e  average 

s t a n d a r d  d e v i a t i o n  v a l u e s  from F igure  8 may b e  used i n  t h e  25 - 65 km a l t i t u d e  

range. 75 



If account is  t o  b e  taken of t h e  re la t ive amount of t i m e  spen t  i n  t h e  var- 

i o u s  f l i g h t  regimes ( l a t i t u d e ,  a l t i t u d e ,  e t c . )  then cons ider  t h e  case  of a t o t a l  

of k mission segments, w i th  t i m e  t, spend i n  each mission segment, and a t o t a l  

f l i g h t  t i m e  of T. The 

I ~ 

M(Y*) = 

t o t a l  exceedance ra te  f o r  a l l  mission segments i s  

Ai, and a are evaluated s e p a r a t e l y  f o r  each mission seg- i and t h e  parameters N 

ment . 
0 i 

Dic re t e  Wave Phenomena. Although p lane ta ry  s c a l e  waves and t i d e s  have hor- 

i z o n t a l  wave l eng ths  much l a r g e r  than t h e  g r a v i t y  wave components, t h e i r  v e r t i -  

c a l  wavelengths may be comparable. For h o r i z o n t a l  f l i g h t  t h e  presence of t h e s e  

o t h e r  v a r i a t i o n s  would not  be  important .  However, i n  those  cases i n  which t h e  

t r a j e c t o r y  ang le  8 i s  s m a l l  bu t  non-zero t h e  e f f e c t s  of t h e  presence  of  t h e s e  

v e r t i c a l  v a r i a t i o n s  can be important .  It is  suggested t h a t ,  r a t h e r  than  use  a 

d i s c r e t e  wavelength i n  a s p e c t r a l  approach, i t  would be  more p r a c t i c a l  t o  con- 

s i d e r  only what mean square  v a r i a t i o n  along t h e  t r a j e c t o r y  w i l l  occur .  

a s i m p l e  model i n  which some phenomenon f (e .g .  a wind o r  thermodynamic v a r i a t -  

i on  due t o  t i d e s  o r  p l ane ta ry  s c a l e  waves) has  a he igh t  and h o r i z o n t a l  v a r i a t i o n  

a t  a s p e c i f i c  t i m e  given by 

Consider 

f (x, z )  = A s in (2 rx /L  ) s i n  (2rz/L3) (65) 1 

where x i s  along t h e  t r a j e c t o r y  d i r e c t i o n ,  L 

and v e r t i c a l  wavelengths r e s p e c t i v e l y ,  A i s  t h e  ampli tude,  and t h e  phase was se- 

l e c t e d  a r b i t r a r i l y .  The mean square  d i f f e r e n c e s  i n  t h e  parameter f i n  going 

and L are t h e  h o r i z o n t a l  (a long x) 
1 3 
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from x t o  x + r and z t o  z + r can be determined by 1 3 

If equa t ion  (65) i s  s u b s t i t u t e d  i n t o  (66) t h e  r e s u l t  i s  

2 2 
<Af (rl, r 3 ) >  = (A /2) [l - cos(25r rl/L1) c o s ( 2 ~ r  r3/L3)]  

I n  o r d e r  t o  estimate mean square v a r i a t i o n s  i n  winds, p re s su re ,  d e n s i t y  and 

temperature  due t o  t i d e s  and p l a n e t a r y  s c a l e  waves i n  t h e  45 - 65 km reg ion  t h e  

magnitude va lues  l i s t e d  i n  Table 10 may be taken as r e p r e s e n t a t i v e .  The plane- 

t a r y  wave magnitudes shown i n  Table 10 are from F igure  2 and t h e  t i d a l  magni- 

tudes are from t h e  a n a l y s i s  r e s u l t s  of Sect ion 5. 

cal wavelengths L 

i t e  f o r  t h e  semidiurnal  t i d e  and t h e  mid-and h igh  l a t i t u d e  d i u r n a l  t i d e ,  and 

about 30 km f o r  t h e  low l a t i t u d e  d i u r n a l  t i d e .  For t h e  p l a n e t a r y  s c a l e  waves 

i n  t h e  45 - 65 km h e i g h t  range L3 = 37 km may b e  used. Hor i zon ta l  wavelengths 

f o r  bo th  t h e  t i d e s  and p l a n e t a r y  waves would be a few thousand k i lome te r s ,  de- 

pending on t h e  t r a j e c t o r y  angle  and t h e  l a t i t u d e .  

The most appropr i a t e  ver t i -  

i n  t h e  45 - 65 km he igh t  range are: approximately i n f i n -  3’ 

The t i m e  s t r u c t u r e  func t ion  d a t a  shown i n  F igu re  1 i n d i c a t e s  f a i r l y  l a r g e  

magnitude g r a v i t y  waves wi th  a d i s c r e t e  per iod of 3 hours.  

t h i s  g r a v i t y  wave mode may be accounted f o r  by t h e  s a m e  method j u s t  desc r ibed  

except  t h a t  t h e  t i m e  v a r i a t i o n  must a l s o  b e  taken i n t o  account,  s i n c e  appre- 

c i a b l e  v a r i a t i o n  of t h i s  g r a v i t y  wave component could occur during t h e  t i m e  

span of re-entry.  

The e f f e c t s  of 

Equation (67) may be general ized t o  accout f o r  a t i m e  
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d i f f e r e n c e  T by t h e  r e l a t i o n  

2 
<Af (rl, r3, T)> = 

(AL/2) [l - cos(2srl/Ll) cos(2sr3/L3) c o s ( 2 a ~ / P ) ]  ( 6 8 )  

where t h e  pe r iod  P = 3 hours  i n  t h i s  case. The amplitudes of t h e  3 hour grav- 

i t y  wave components i n  t h e  45 - 65 km he igh t  range are es t ima ted  from F igure  1 

t o  be A = 4.2%, A = 4.7%, % = 3.2%, A = Av = 5.7 m / s .  The h o r i z o n t a l  scale P P U 
2 

3 L is est imated t o  b e  L1 = (Au + A 2)1/2 P = 90 km and t h e  ver t ical  scale L 1 V 

i s  probably i n  t h e  range of 5 t o  10 km. 

(55) A Re-entry T r a j e c t o r y  Model. Consider a model similar t o  t h a t  of Campbell , 
which d i v i d e s  t h e  t r a j e c t o r y  x - z p lane  i n t o  d i s c r e t e  coord ina te  p o i n t s  x i' j 

where x = x + i Ax and z = z + jAz. We cons ide r  t h a t  a parameter, s a y  den- 

s i t y ,  eva lua ted  a t  t h e s e  p o i n t s  would be given by 

z 

i 0 j 0 

where 

season as determined by some re fe rence  o r  s tandard atmosphere. 

p i j  is  a d i s c r e t e  wave component and may be eva lua ted  by 

i s  t h e  mean d e n s i t y  a p p r o p r i a t e  t o  t h e  h e i g h t ,  l a t i t u d e ,  and month or 
i j 

The component 
I 

I 1 1 / 2  - - + Ap{ [l - cos(2siAx/L ) c o s ( 2 1 ~ j A z / L ~ )  1/2)  
' i j  00 1 

as from equa t ion  (67),  o r  (68) f o r  t h e  3 hour g r a v i t y  wave component. P repre-  

s e n t s  t h e  cont inuous spectrum g r a v i t y  wave component and might be determined as 
i j 

a set of random numbers s e l e c t e d  from a gaussian d i s t r i b u t i o n  wi th  t h e  s t anda rd  

d e v i a t i o n  determined from Table 8. However, t h e  r values  a t  neighboring p o i n t s  
i j 

must b e  c o r r e l a t e d .  The set of r va lues  can be made t o  have e x p l i c i t  c o r r e t i o n  by 
i j 
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gene ra t ing  r 
re l a  t i o n  

va lues  from surrounding, p rev ious ly  generated va lues  by t h e  
i j 

where 8 is an uncor re l a t ed  gaussian random v a r i a b l e  wi th  s t anda rd  d e v i a t i o n  given by 

Table 8 and a,  B ,  and y are determined from t h e  known c o r r e l a t i o n  between t h e  

a d j a c e n t  p o i n t s  (given by equat ion (37) f o r  s c a l a r  q u a n t i t i e s  o r  equa t ion  (401,  

( 4 1 ) ,  o r  (42) f o r  v e l o c i t y  components) by methods developed by Hicks and J u s t u s  

The s p a c e c r a f t  is then "flown" through an ensemble of sets of such d e n s i t y  f i e l d s  

and t h e  v a r i a t i o n  of t r a j e c t o r y  parameters can be computed. 

(56) 
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APPENDIX A. 

ERROR ESTIMATE I N  STANDARD DEVIATION 
FROM MEASURED FOURTH MOMENTS 

Consider a set of va lues  Xi, i = 1 t o  n which have mean zero  (r = <x> = 0) 
I , 2 2  2 and var-iauce a (<x > = u ). We now wish t o  compute an estimate of 

t h e  e r r o r  E i n  t h e  measued va lue  of u. The va r i ance  of t h e  set of d a t a  va lues  

me is v = <x > and t h e  i n d i v i d u a l  con t r ibu t ions  t o  t h e  va r i ance  are v = x 

s tandard  dev ia t ion  S of t h e  va r i ance  values is given by 

U 
2 

i i *  

, 

2 2 -2 s2 = <(Vi - ;) > t > - v 

and t h e  e r r o r  E i n  t h e  mean var iance  estimate can be taken as 
V 

E V = (,v2> - G2)/(N - 1 )  (A-2) 

where N is  t h e  number of independent va lues  i n  t h e  t o t a l  of N values  of x. 
- 2  2 4 
V = u 

(i.e. 8 = <x >/a ), then (A-2) becomes 

Since 

and <v > = <x > = 8 a4, where B is t h e  k u r t o s i s  of t h e  x d i s t r i b u t i o n  
4 4  

4 
= u (8 - 1)/(N - 1 )  2 

E 
V 

Now t h e  e r r o r  E i n  t h e  mean a va lue  i s  r e l a t e d  t o  E. by 
U V 

b u t ,  from expansion of t h e  l e f t  s i d e  of (A-4) 

(A-3) 

2 Since ; = a , then .  i t  is  where t h e  second o rde r  t e r m  i n  has  been neglec ted .  

8 1  



apparent from combination of (A-4), (A-5) ,  and (A-3) t h a t  

The use of t h e  d i v i s o r  N - 1 i n  (A-2) means t h a t  t h e  e r r o r  is  of t h e  n a t -  

u r e  of an e r r o r  of t h e  mean. 

r e p r e s e n t  t h e  range of d e v i a t i o n  of t h e  mean va lues  ob ta ined  from comparable 

d a t a  s e t s  each made up of N independent va lues .  

Thus E from (A-6) g ives  an e r r o r  which would 
0 
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